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SUMMARY 
The structural, spectral and magnetic properties of five-coordi­
nate transition metal complexes have been investigated. These properties 
have been qualitatively interpreted in terms of ligand field theory. 
In order to apply the ligand field approach to the five-coordinate 
system, energy level correlation diagrams have been constructed for the 
trigonal bipyramid and the square pyramid symmetries for d-orbital con­
figurations of seven, eight and nine. This approach is based mainly on 
the fact that eigenfunctions are bases for an irreducible representation 
of the symmetry group; this allows qualitative calculations using symme­
try arguments. From these diagrams, it is possible to predict the pos­
sible electron transitions. The principal absorption bands are expected 
to be spin allowed (same multiplicity for the ground and excited states) 
and one-electron transitions. It is also possible to qualitatively de­
cide whether a transition is electronically allowed or vibronically al­
lowed (experimentally the electronically allowed are expected to be 10 
to 100 times more intense than the vibronically allowed bands), This 
results from the non-centric nature of the two possible five-coordinate 
stereochemical forms, which allows the possibility of mixing p-character 
into the d-states and thereby relaxing the electronic selection rules 
which make the d-d transitions forbidden. Also in both stereochemical 
forms, the z_-axis of the molecule belongs to a different representation 
than the other two axes and therefore, transitions are expected to be 
strongly polarized. 
X 
The structure of dibromotris(diphenylphosphine)cobalt(II) has been 
determined from three-dimensional X-ray data. The two bromine and three 
phosphorus atoms form a bipyramid about the cobalt atom with two phos­
phorus atoms in the axial positions and the base plane of the bipyramid 
made up of the third phosphorus (P^) and the two bromine atoms, The 
structure does not have a regular trigonal bipyramidal conformation, but 
can be thought of as intermediate between the trigonal bipyramidal and 
the square pyramidal conformations., 
The two bromine atoms, one phosphorus atom (P^) and the cobalt 
are essentially coplanar, the dihedral angle between the plane defined 
by the cobalt-bromine-bromine and the planes defined by the cobalt-
phosphorus (P^)-bromine are approximately 2° c The angles between the 
equatorial groups and each axial group are approximately 90°„ The angles 
between groups in the equatorial plane range from 98° to 136°, instead 
of the 120° required for trigonal symmetry. The orientation of the two 
phenyl groups on each diphenylphosphine ligand of the axial phosphorus 
atoms show dihedral angles close to 90°, This may suggest that the 
phenyl groups are entering into d-p tt-bonding with the phosphorus atoms; 
however, the equatorial phosphine does not show such orientation. Steric 
crowding would certainly be greater in the vicinity of the equatorial 
phosphine and could affect the orientations of the phenyl groups. 
The related diphenylphosphine complexes of cobalt iodide, nickel 
bromide and nickel iodide have also been investigated. X-ray powder 
patterns show that the two bromide structures are identical. Similar 
results are also obtained for the two iodide structures. Slight dif­
ferences are observed both in intensities and in d-spacings between the 
xi 
bromide and iodide compounds. However, the successful refinement of the 
heavy atom coordinates using two zones of intensity data from the nickel 
iodide crystal shows that the iodide and bromide structures are essen­
tially identical, the only differences appear related to the difference 
in size of the bromine and iodine atoms. 
The structures of tris(pyridine N-oxide)cobalt(II) chloride and 
bromide have been investigated. These complex compounds have a five-
coordinate stoichiometry but do not have a five-coordinate conformation. 
The solid spectra of these compounds suggest that they contain the 
tetrahalocobaltate(II) anion and that the compound should be formulated 
as a mixed complex [CoL^][CoX^] (where L represents the ligand, pyridine 
N-oxide, and X represents a halide ion). To check such a possibility, 
cadmium was substituted for the tetrahedral cobalt to give [CoL^][CdBr^]. 
X-ray powder patterns for the CoL„Br0 and the [CoL,][CdBr,] were found 
J z o 4 
to be almost identical in both peak position and intensity. Studies of 
the solution spectra of these complexes indicate that the cobalt(II) ions 
are probably present as various tetrahedral species. 
The polarized crystal spectra of the diphenylphosphine complexes 
mentioned above and the five-coordinate iodobis(dipyridyl)copper(II) 
iodide have been investigated. In order to obtain the single crystal 
polarized spectra, a single beam microspectrophotometer was constructed. 
The polarized spectra of iodobis(dipyridyl)copper(II) iodide have 
been interpreted in terms of the symmetry of the coordination sphere, 
The spectral assignments, order of d-orbitals and the extent of splittings 
seem reasonable in terms of the structure of this complex. 
xii 
The polarized spectra of the diphenylphosphine complexes have 
been interpreted in terms of the symmetry of the coordination sphere. 
The observed spectra agree well with the predictions of ligand field 
theory; the spectral assignments and the extent of d-orbital splittings 
seem reasonable. 
The diiodotris(diphenylphosphine)nickel(II) compound has an un­
usual magnetic moment. Five-coordinate complexes of nickel(II) which 
contain phosphorus or arsenic ligands are usually diamagnetic; however, 
the nickel iodide complex exhibits paramagnetism (1.29 B.M.). Since the 
nickel iodide and nickel bromide complexes have identical structures 
this difference can be attributed to a difference in field strengths. 
Therefore, the unusual paramagnetism is probably due to thermal popu­
lation of a low-lying triplet state. 
CHAPTER I 
INTRODUCTION 
The coordination numbers six and four are the ones usually ob­
served for transition metal complex compounds; however, recent investi­
gations indicate many more "five-coordinate" complexes than previously 
suspected. The investigation of five-coordination presents a few prob­
lems normally not encountered in a study of the coordination numbers 
four and six. A major difficulty is the limited number of definitely 
established five-coordinate complexes; many complexes that possess a 
penta-coordinate stoichiometry are not five-coordinate. Harris and co­
workers (1) have investigated the dihalobis(o-phenylenebisdimethylarsine) 
metal(II) complexes (metal = nickel, palladium and platinum). They re­
ported on the basis of conductivity and spectrometric studies that all 
these metals gave presumably five-coordinate cations of the type [M 
(Diarsine)^X]"1". However crystal structure determinations by Stephenson 
(2, 3) have revealed an octahedral configuration for the Ni(Diarsine)^ 2 
complex and a square planar configuration for the Pt^iarsine^C^ com­
plex. The pentacyanocobalt(II) anion has been found to be dimeric (4) in 
the solid state with metal-metal bonding and in aqueous solution (5) has 
been reported to exist as a monohydrate. Sacco and Freni (6) found that 
the cobalt(II) complex (CoCCNCH^)(ClO^)^) could be obtained in two forms, 
one light blue and paramagnetic and the more stable one red and diamag­
netic. Cotton and co-workers (7) have determined the structure of the red 
form and have found it to contain dinuclear cations [ (CH„CN)-Co-Co (CNCH.,) _]" 
2 
Two ideal stereochemical forms are energetically possible for a 
coordination number of five, the square pyramid (C^v coordination symme­
try) and the trigonal bipyramid coordination symmetry). This is 
analogous to the four-coordinate system where two stereochemical forms 
are possible; however, a sufficient number of four-coordinate systems 
have been investigated to allow a reasonable assignment of the stereo­
chemistry of a particular complex on the basis of spectral and magnetic 
properties. A number of examples must be available before such assign­
ments are possible; in five-coordinate systems, reliable assignments are 
not presently possible due to limited knowledge of the structure and 
properties of such complexes. 
Many five-coordinate complexes in the solid state are extensively 
dissociated in solution while others are rapidly decomposed; therefore 
solution data in many cases are of little value. Also five-coordinate 
symmetries appear to be non-rigid and in solution the vibrations may 
completely change the symmetry; therefore spectral data will probably 
represent an average over the various possible conformations. 
Muetterties (8) has pointed out that to neglect the effects of 
dynamics on stereochemistry and simply treat the molecule as a rigid 
point group can lead to serious misconceptions. If the time scale for a 
permutation between two stereochemical forms were comparable to or shorter 
than that of the laboratory observation, then the systems would have to be 
considered as a non-rigid structure. Berry (9) has pointed out that the 
two five-coordinate stereochemical forms, the trigonal bipyramid 
^
D3h s y m m e t r y ) a n c* the s c l u a r e pyramid (C^v symmetry) , should undergo 
interconversion easily through vibrational excitation. Mahler and 
3 
Muetterites (10) have recently reported two phosphorane molecules which 
they characterize as non-rigid molecules. Certainly with bulky ligands 
and particularly multidentate ligands, the symmetries will be more rigid 
than those of the phosphoranes; however, the value of solution data is 
still questionable. 
In this thesis the author will report on the structural, spectral 
and magnetic properties of five-coordinate transition metal compounds. 
He will attempt to correlate these properties with the predictions of 
ligand field theory. He will report the verification of a series of five-
coordinate diphenylphosphine complexes by an X-ray structure determinationc 
The spectral and magnetic properties of these complexes and others al­
ready known to be five-coordinate will be correlated with the predictions 
of ligand field theory. Also a survey of five-coordinate structures will 
be given along with a discussion of the factors which stabilize a coor­
dination number of five and the factors which are expected to affect the 
stereochemical form of a complex. The approach in presenting this thesis 
will be to discuss the structural, spectral and magnetic properties 
separately; this approach is employed rather than a separate discussion of 
each complex. The structures will be discussed first, since this informa­
tion is necessary to interpret the spectral and magnetic properties. In 
the spectral discussion correlation diagrams will be developed for the 
ideal five-coordinate symmetries (D^ and ). The complexes under in­
vestigation do not possess ideal symmetries but may be treated as dis­
torted from ideal symmetry. Therefore, correlation diagrams for lower 




REVIEW OF STRUCTURAL ASPECTS OF FIVE-COORDINATION 
Factors Which Determine Coordination Numbers 
The most important factors (11) which determine the coordination 
number of a metal atom in a complex compound appear to be: (a) the 
oxidation state of the metal; (b) the nature of the ligand; (c) the 
particular metal atom chosen; (d) the type of bonding; and (e) steric 
effects. 
In recent years, examples of five-coordinate complexes have ap­
peared more frequently. The preparation of these complexes have re­
quired, however, a particular combination of ligand and metal. Several 
recent reports (12, 13, 14) of five-coordination have presented arguments 
that the stability arises from intermolecular blocking of the unused oc­
tahedral siteo However a combined effect of the ligand (its electronega­
tivity and synergic bonding capabilities) and the metal (its oxidation 
state and electron configuration) may very well play an important role in 
producing a five-coordinate configuration. 
Factors Which Determine Conformation of Five-Coordinate Complexes 
Probably an even more perplexing question associated with five-
coordination is whether the square pyramidal or the trigonal bipyramidal 
configuration would be preferred by a particular combination of metal ion 
and ligand. Recently, several discussions (15, 16) have been presented 
concerning the stereochemistry of five-coordination. Zemann (15) has 
pursued the problem from the point of view of electrostatic and non-coulombic 
5 
repulsive forces. He indicated that the most favorable conformation was 
the trigonal bipyramidal arrangement, but only a little less favorable was 
a distorted square pyramid with an angle (apex-central-base atoms) of 
104°4'. He also indicated that the transition between the trigonal bi­
pyramid and the above distorted pyramid was easily obtained. 
A consideration of the ligand field stabilization energy (17) alone 
1 9 
showed that, for every case from d through d , a square pyramidal arrange­
ment with the metal in the base was more favorable than a trigonal bipy­
ramidal arrangement. Gillespie (16) has discussed the stereochemistry of 
five-coordination in terms of the theory of valency-shell electron pair 
repulsion. He indicated that for symmetrical d° and d"^  configurations 
the trigonal bipyramidal arrangement was preferred (determined by the in­
teraction between the five bonding electron pairs in the valency shell). 
For the less symmetrical d-configurations he found it necessary to consi­
der the interaction between the valency-shell electron pairs and the non-
bonding d-shell electrons. When the interaction between the ligand 
electron-pairs is more important than the interaction with the non-bonding 
d-electrons, a trigonal bipyramidal arrangement would be preferred (highly 
covalent complexes); when the interaction between the bonding and non-
bonding electron-pairs predominates, then a square pyramidal arrangement 
would be preferred (ionically bonded complexes); when the interactions are 
comparable an intermediate arrangement would be expected. 
Gillespie has indicated that the unsymmetrical d-configurations may 
be regarded as having an ellipsoidal shape of either an oblate or prolate 
orientation. He has pointed out that the tetragonal distortion of oc­
tahedral complexes can most often be associated with a prolate ellipsoidal 
6 
d-shell; therefore yielding longer bonds along the tetragonal axis than 
along equatorial bonds. A prolate ellipsoidal d-shell interacting with 
the valency-shell electron-pairs would tend to cause the valency-shell 
electron-pairs to avoid the ends of the ellipsoidal (area of greatest re­
pulsion) . This would destabilize the trigonal bipyramidal arrangement 
more than the square pyramidal arrangement and could well favor the square 
pyramidal configuration. Regardless of which stereochemical form, the 
axial bond(s) would be longer than the basal bonds. An oblate ellipsoidal 
d-shell would further stabilize the trigonal bipyramid arrangement and 
would possibly cause the equitorial bonds to be longer than the axial 
bonds. Double-bond character increases the repulsions between the bonds, 
and by removing electrons from the non-bonding d-shell it reduces the in­
teraction between the d-shell and the bonding-electron pairs. Hence this 
interaction between the bonding-electron pairs predominates over the in­
teraction with the d-shell and the trigonal bipyramidal structure is pre­
ferred, Gillespie had an insufficient number of examples to test his 
theory; however some were consistent and others which did not conform to 
the general rule were accounted for in terms of the steric requirements 
of the ligands. 
Muetterties and co-workers (18, 19) have reported on a number of 
molecules which contained five-coordinate central atoms which were not 
transition metal ions; a trigonal bipyramidal geometry prevailed at 
least for the liquid or solution state and the more electronegative 
ligands preferred the axial positions. 
Ballhausen and Gray (20) have recently formulated a rule that is 
pertinent to five-coordinate complexes with ir-bonding ligands. The rule 
7 
was stated as follows: 
for distorted octahedral complexes with tetragonal symmetry 
(ML^X) , nearly all the 7T-bonding is axially directed and in­
volves the metal d x z and dyZ orbitals. The stronger axial 
7T-bonding may be either M-X or M-L depending on whether the 
7T-orbital energies of X or L more closely approximate the metal 
diT orbital energies. It is a good approximation to neglect 
planar 7T-bonding and approximate the metal dxy orbital as non-
bonding. 
They have indicated that the trans-effect results from the desire of the 
best 7T-bonding ligand in a metal complex to have exclusive rights to the 
metal du orbitals. They argued that for the vanadyl complexes (21) an 
axial elimination of a hypothetical ligand had taken place, thus result­
ing in a square-based pyramidal structure, in which the V-0 group had the 
exclusive right to the two metal diT orbitals. 
Survey of Five-Coordinate Complexes 
Complexes for Which Structures Have Been Established by X-Ray Diffraction 
Ibers (22) has presented a review article on molecular structure in 
which he devotes a section to the discussion of five-coordinate structure 
determinations. Although this article is recent, a number of structure 
articles on five-coordinate complexes have appeared in the literature since 
this article was published. In the following section the author will sum­
marize what little is known with certainty about five-coordinate transi­
tion metal structures. A discussion of the three-dimensional five-
coordinate complexes such as ^20^ is less meaningful than the isolated com­
plexes and these will not be discussed. Also the carbonyl complexes and 
the delocalized TT-bonded complexes will be omitted from this discussion. 
Table 1 is a synopsis of the twenty-seven independent five-
coordinate structure determinations. They will be briefly discussed 
8 
following Table 1 in the order d , d , d , d , d , d , and d , 
DiVaria and Orioli (23) have very recently reported the prepara­
tion of a series of divalent 3d-metals with the general formula 
M(denMe)X2» where M = Mn, Fe, Co, Ni, Cu, Zn; denMe = bis(2-dimethyl-
aminoethyl)methylamine; and X = Cl, Br, I, NCS, All were high-spm com­
plexes and have been proposed to be five-coordinate on the basis of 
molecular weights, spectral and magnetic properties. They have deter­
mined the crystal structure of the CoCdenMejC^ complex and have reporced 
that the cobalt atom is in an environment ot five ligands- The arrange­
ment of the ligands was reported as an intermediate structure, not easily 
described in terms of either a square pyramidal or trigonal bipyramidal 
geometry. They indicated that steric repulsions appeared to play an im­
portant role in determining the distribution of the ligands about the 
cobalt 
Alderman and co-workers (24, 25) have determined the structure ot 
nitroso(dimethyldithiocarbamato)cobalt(II) and have found the structure 
to be that of a tetragonal pyramidal arrangement with the four sulfur 
atoms at the corners of the base, The N-0 bond was inclined at 139" to 
the pyramidal axis, forming an unsymmetrical n-complex with the cobalt 
atom. The complex was essentially diamagnetic and its formulation as 
cobalt(II) has been questioned (26), 
Nyholm and co-workers (28) have reported a series of compounds 
using diphenylmethylarsine oxide as a ligand. They have prepared com­
plexes of the general formula M(II)(Pb^MeAsO) (ClO^)^ where M = Mn, Fe, 
Co, Ni, Cu, Zn. X-ray powder patterns have indicated that these are all 
isostructural* They have reported that the infrared spectra of the 
Table 1. Five-Coordinate Structure Determinations 
Complexes used in 








chem. refc. Additional notes 
L Co(denMe)Cl2 1 7 Mn,Fe 
Ni,Cu 
Zn 
23 - high spin Co 
2. CoCL^NO DSP 7? - 24,25 26 oxidation state 
questionable 
3. Co(Ph2MeAsO)4(C104)2 DSP 7 Mn,Ni 
Zn 
27 28 high spin Co,Mn 
all isostructural 
4. CCo(CNCH3)5)C104 DTB 8 - 29 30 -
5 0 Ni(triarsine)Br0 
2 
DSP 8 Co 31 32,33 diamagnetic 
60 Ni(L 2) 2 DSP 8 Co 34 35 high spin, isomorphous 
7 0 trans-PdI2(L3)2 DSP 8 _ 12 - octahedral possibility 
8. PdBr 2(L 4) 3 DSP 8 Pt ,Co 36 37,38 not isomorphous 
90 (PtI(QAS))(BPH4) DTB 8 Pd,Ni 39 40,41,42 -
10o (PH3P(CH3))3(Pt(SnCl3)5) 
DTB 8 - 45 46 -
11c (Cu(dipyridyl)2I)I 
DTB 9 - 47 48 1,10 phenanthroline 
complexes are 
probably analogous 
12, (Ci(NH.),)(CuCl_) 3 6 5 TB 9 - 49 50 -
Table 1 (continued) 
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 0 Cu(L5)H20 DSP 9 - 51 52,53 -
14. Cu(dimethyIglyoxime)2 DSP 9 - 54 - dimer 
15. Cu(salicylaldehydato)
 2 DSP 9 - 55 - dimer 
16. Copper formate DSP 9 - 56 - dimer 
17 c Cu(L5) DSP 9 - 57 - dimer 
18, Cu(L 6) 2 DSP 9 - 58 - dimer 
19. Cu(L7) DSP 9 - 59 - dimer 
20. Zn(AA)2H20 1 10 - 60,61 - -
21. Zn(terpyl)Cl2 DTB 10 Cu,Cd 62 63 isostructural? 
22, Zn(L8)H20 DSP 10 - 64 - Zn 0.34 A above plane 
23. Zn(sal-Me)2 DTB 10 Cc,Mn 66 67 dimer 
24. Ru(PH3P)3Cl2 DSP 6 Os 13 14 octahedral possibility 
probably isostructural 
25. chlorohemin DSP 6 - 68 - Fe slightly above 
plane 
26. Iron(III)porphyrin DSP 5 - 69 - Fe slightly above 
plane 
27. V0(AA)2 DSP 1 - 21 - V at center of 
Note: DTB = distorted trigonal bipyramid 
DSP = distorted square pyramid 
TB = trigonal bipyramid 
I = intermediate configuration 
denMe = bis(2-dimethylaminoethyl)methylamine 
triarsine = (CH3)2As(CH2)3ASCH3(CH2)3AS(CH3)2 
QAS = tris(o-diphenylarsenophenyl)arsine 
AA = acetylacetonate 
terpyl = 2:6-di-2'pyridylpyridine 
sal-Me = N-methylsalicyldiminato 
L-L = dimethyldithiocarbamate 
L 2 = C1C6H3(0H)CH=NC2H4N(C2H5)2 
L3 
= dimethylphenylphosphine 
lA = 2-phenylisophosophindoline 
iP = bis(salicyaldehyde)isopropylenedi-imine 
L° - N,N-di-n-propyldithiocarbonate 
L"7 = acetylacetonato-o-hydroxyanilato 
= N,N'-disalicylideneethylenediamine 
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manganese, cobalt, nickel and zinc complexes indicated both coordinated 
and uncoordinated perchlorate groups. Pauling and co-workers (27) have 
reported a structure analysis of the cobalt complex by single crystal X-
ray diffraction techniques . The cobalt atom was found in a distorted 
square pyramidal arrangement with the arsine oxides in the plane and the 
perchlorate nearly on the four-fold axis in the axial position. The man­
ganese and cobalt complexes were reported to have high spin electronic con­
figurations a 
Sacco and Freni (30) have reported the preparation of some isoni-
trile complexes of cobalt which have a five-coordinate stoichiometry. 
Cotton and co-workers (29) have determined the crystal structure of the 
pentakis(methylisonitrile)cobalt(I) perchlorate. The [Co(CNCH3) ] +
ion was found to have a slightly distorted trigonal bipyramidal configu­
ration. 
Barclay and Nyholm (32) have prepared the complexes Ni(triarsine)X2 
(X = Br, I) and Co(triarsine)where triarsine represents the potentially 
tridentate ligand (CH3)2As(CH2)3AsCH3(CH2)3As(CH^)2e Mair and co-workers 
(31) have found the molecular configuration of the Ni(triarsine)Br2 to be 
a distorted square pyramid. They found the square plane to contain the 
three arsine atoms and depressed about 20° below the plane the bromide 
atom. The additional bromide at the apex was found to be at nearly right 
angles to the plane of the nickel-arsenic bonds. 
Sacconi and co-workers (34) have reported the structure of the 
first high spin nickel(II) complex with a five-coordinate configuration. 
The ligand of general formula XC 6H 3(OH)CH=NC 2H 4N(C 2H 5) 2 gave complexes 
with nickel(II) and cobalt(II) of the general formula 
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[X-C6H3(OH)CH=NC2H4N(C2H5)2]2Mo They determined the structure of the 
bis[N-3-diethylamineethyl-5-chlorosalicylaldimine]nickel(II) ; they also 
found that the analogous high spin cobalt(II) complex was isomorphous with 
the nickel complex. They have described the geometry as a distorted 
square pyramid. The basal set consisted of one ligand (three coordination 
sites) and an oxygen from the other ligand which lie in a plane within 
0„ LA., The nickel atom was found CK36A above this plane along with the 
axial nitrogen at 1.93A from the nickel and the non-bonded nitrogen at 
a distance 4.96A from the nickel atom, 
Bailey and co-workers (12) have reported the structure of trans-
di-iodobis(dimethylphenylphosphine)palladium(II) , The coordination of 
the palladous ion was found to be a distorted square pyramid with Pd-P 
c o 
bond lengths of 2.34A, two Pd-I bond lengths of 263A and an axial Pd-I 
c 
bond length of 3-28A., They indicated that the coordination was really a 
distorted octahedron, the sixth site occupied by a hydrogen atom on the 
3-carbon atom of the phenyl ring. The metal to hydrogen bond length was 
2,8A„ 
Collier and co-workers (36) have found that 2~phenylisophoso-
phindoline combines with transition metal halides to form complexes in 
which the metal has a five-coordinate geometryc The crystal structure 
(36) of the red form of tris(2-phenyliscphosophindoline)dibromo-
palladium has shown the geometry of the palladium atom to be a distorted 
square pyramid. The basal plane consisted of the three phosphine ligands 
and a bromide which was depressed about 10° below the plane. The 
analogous platinum dibromide and di-iodide compounds were not isomor­
phous with the palladium dibromide; however, Mann (3 7) has suggested 
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that the platinum(II) compounds are also five-coordinate. Collier (38) 
has also reported the preparation of the tris(2-phenyliso-phosophindoline) 
dihalide complexes of cobalt(II)0 No structure evidence has been reported 
for the cobalt(II) complex,, 
Two tetradentate ligands which have been reported to form five-
coordinate complexes are tris-(o-diphenylarsinophenyl)arsine or QAS (41) 
and tris-(o-diphenylphosophinophenyl)phosphine or QP (40), An X-ray 
structural investigation (39) of the [Ptl(QAS)j[BPh^] has shown that the 
configuration around the platinum is trigonal bipyramidal. The central 
arsenic atom is located at an apex, the three remaining arsenic atoms in 
the trigonal plane and the iodide at the other apex. 
Cramer and co-workers (46) have reported that the addition of 
methyltriphenylphosphonium chloride to a solution of chloroplatinic acid 
and stannous chloride gave a crystalline material of formula [(C^H^)^PCH^] 
[Pt(SnCl^)^]o A crystal structure determination (45) has revealed the 
-3 
[Pt(SnCl3)^] anion to be a trigonal bipyramid^ 
Harris and co-workers (48) reported the preparation and proper­
ties of a series of five-coordinate copper(II) complexes by the reaction 
of bis(2-2'-dipyridyl)copper(II) and bis(1,10-phenanthroline)-copper(II) 
perchlorate with various neutral and negatively charged ligands.. The 
structure of the iodiobis(2-2'-dipyridyl)copper(II) iodide has been de­
termined by Barclay and co-workers (47)c They have reported the complex 
to be an ionic structure of iodide ions and trigonal bipyramidal 
iodobis - (dipyridyl)copper(II) ions. They indicated that the copper was 
surrounded by four nitrogen atoms and an iodine atom at the corners of a 
distorted trigonal bipyramido Two nitrogen atoms from two different 
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dipyridyl molecules and an iodine were in the trigonal plane; the other 
two nitrogens were located at the apexes of the trigonal pyramid, A line 
passing through the apexes and the copper atom made an angle of 9C with 
the normal to the trigonal plane. The ligand 1,10-phenanthroline ap­
peared to form analogous complexes. 
Mori (50) has reported the preparation of a hexamminechromium(III) 
pentachlcrocuprate(II) salt which contains a penta-coordinate anionc 
Mori and co-workers (49) have done the X-ray structure determination and 
have reported the anion to have a trigonal bipyramidal configuration 
around the copper ion. The copper to chlorine distances were found to 
be of the same order of magnitude (2r,32 - 2C35A). 
Llewellyn and Waters (51) have shown by a two-dimensional X-ray 
analysis of bis(salicyaldehyde)isopropylenedi-imine-copper(II)monohy-
drate that the copper is penta-coordinate. The ligands were arranged 
in a square pyramidal configuration with four planar bonds and a fifth 
Cu-0 bond perpendicular to this plane with a length of 2.53A, 
There have been several dimeric copper(II) complexes reported in 
which the copper was five-coordinate and invariably square pyramidal. 
Frasson and co-workers (54) have reported the crystal structure of 
copper-dlmethylglyoxime dimerr In addition to the four nitrogen atoms 
in the plane surrounding the copper atom they found a fifth coordinated 
oxygen from a nearby molecule lying at the apex of a tetragonal pyramid. 
Bevan and co-workers (55) have reported two dimeric structures analogous 
to the one mentioned above. The anhydrous bis-(salicylaldehydato)copper 
(II) and bis(8-hydroxyquinalinato)copper(II) were found to contain copper 
atoms surrounded by a tetragonal pyramidal arrangement, Barclay and 
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Kennard (56) have reported that royal blue anhydrous copper(II) formate 
consist of copper atoms joined together by formate groups in a bridging 
arrangement such that each copper atom has a distorted tetragonal pyra­
midal coordination Hall and Waters (57) have shown that bis-(salicylade-
hyde)ethylenedi-Imine copper(II) is dimeric and similar to copper 
dimethylglyoxime (54) with a distorted configuration around each copper 
atom. Pignedoli and Peyrcnel (58) have reported that bis(N,N-di-n-
propyldithiocarbamato)copper(II) is dimeric and that each copper atom 
is penta-coordmate with a distorted square pyramidal geometry Barclay 
and co-workers (59) have indicated that in acetylacetonato-o-hydroxyanilato 
copper(II) one of the two nonequivalent copper environments is that of a 
distorted square pyramid, The other copper environment has a square 
planar configurationc 
Lippert and Truter (60) have reported the preparation and crystal 
structure of monoaquobis(acetylacetonate)zinc, The structure determina­
tion has shown that the complex is five-coordinate with a trigonal bi­
pyramidal configuration, The water molecule and one oxygen atom from 
each acetylacetone group lay in the trigonal plane; the other two oxygen 
of the chelating groups were at the apexes of the bipyramid, Montgomery 
and Lingafelter (61) have also published a crystal structure of the 
monoaquobis(acetylacetonato)zinc, They indicated some errors present in 
the previous determination; however, the main features were as described 
previously0 They insisted, however, that the oxygen configuration was 
intermediate between a tetragonal pyramidal and a tetragonal bipyramidal 
structure9 although somewhat nearer to the former, 
Morgan and Burstall (53) have prepared a number of complexes of 
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the type M(terpyl)X2 where M = metal; terpyl = 2:6-di-21-pyridylpyridine; 
and X is an univalent anion. Corbridge and Cox (62) have reported the 
crystal structure of the Zn(terpyl)Cl^ compound which they found to be 
five-coordinate. They also reported that the corresponding cadmium and 
copper compounds were isomorphous with the zinc compound, (Ibers (22) 
has questioned their judgement that the compounds were isostructural,) 
The zinc atom was found to be in a distorted trigonal bipyramid with the 
central nitrogen atom and the two chlorides in the trigonal plane. The 
distortion consisted mainly of a deflection of the two axial bonds of the 
bipyramid to accomodate the terpyridyl molecule„ 
The monohydrate of N,N!-disalicylideneethylenediaminezinc(II) has 
been found by Hall and Moore (64) to have a five-coordinate configuration. 
The two nitrogen and two oxygen atoms of the ligand were found in a 
plane and the zinc atom was 0.34A above this plane on a line perpendicu­
lar to the center of the square plane. 
Vaska (14) has prepared the dibromotris-(triphenylphosphine)-
osmium(II) and the dichlorotris-(triphenylphosphine)ruthenium(II) com­
plexes. A preliminary X-ray examination indicated that they were probably 
isostructuralo LaPlaca and Ibers (13) have reported the crystal structure 
of the dichlorotris-(triphenylphosphine)ruchenium(II) complex. The struc­
ture consisted of individual monomers with the ruthenium located at the 
center of a distorted square pyramid, trans-chlorine atoms and trans-
phosphorous atoms in the base and an apexial phosphorous atom. They have 
indicated that the stability probably arises from intramolecular blocking 
of the unused octahedral site by the phenyl ring. The closest approach 
to the ruthenium atom was made by a hydrogen atom on a 3-carbon atom 
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(Ru-H distance = 2.59A). Chatt and Underhill (65) have presented some 
evidence of five-coordination in the bromo-l-naphthylbis—(diethylphenyl-
phosphine)rhodium(III) complex. They also postulated that the stability 
of their complex resulted from a shielding of the metal atom by the bulky 
ligand. 
Sacconi and co-workers (67) have recently prepared a series of 
five-coordinate complexes with the general formula bis(N-methylsali-
cyldiminato)metal(II) where metal represent Mn, Co and Zn. They found 
all to be mutually isostructural. Orioli and co-workers (66) have exa­
mined the zinc complex by a three dimensional X-ray analysis. The mole­
cule consisted of dimers formed by sharing two oxygen atoms. The in­
dividual zinc atoms were five-coordinated and were in a distorted tri­
gonal bipyramidal environment of two nitrogen and three oxygen atoms. 
The magnetic properties indicated a high spin complex for the manganese 
and cobalt complexes. 
Two iron porphyrins have been examined by X-ray diffraction 
methods. These were (C^H^N^O^FeCl), ^ -chlorohemin, (68) and methoxy-
iron(III)mesophorphyrin-IX-dimethyl ester (69) . In both structures the 
iron was in an environment of a square pyramid with the iron slightly 
above the basal plane in both instances. 
As a last example, Dodge and co-workers (21) have determined the 
crystal structure of vanadyl bisacetylacetonatec The found each vanadium 
atom to exist in a five-coordinate environment with five oxygen neighbors 
at the corners of a nearly square pyramid. The vanadium atom was found 
near the center of gravity of the pyramid rather than at the center of 
the basal plane. 
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Complexes Suspected of Being Five-Coordinate 
There are many reports of five-coordination that are based on 
spectroscopic, magnetic or other indirect measurements Some are very 
interesting and certainly worthy of additional investigatlone The 
following section will be devoted to some of the more promising examples 
which are suspected of being five-coordinate; Table 2 is a synopsis of 
those to be briefly discussed 
Two isomers of cobalt(II)bromide with diphenylphosphine (abbre­
viated DPP) have been prepared by Issleib and Wenschuh (71)o They have 
suggested a trigonal bipyramidal structure for the brown isomer, Hayter 
(72) has prepared the dibromo- and diiodotris{diphenylphosphine)nickel(II) 
complexes analogous to the cobalt complex (brown isomer)o He has postu­
lated a square pyramidal structure and based this conclusion on a simi­
larity of the solution spectra to that of the solution spectra of the 
NiX2(triarsine) complexes (33). The structures of these complexes (70) 
will be reported in detail in Chapter VII as a part of this thesis, 
Jensen and Nygaard (73) reported in 1949 the isolation of the com­
pound NiBr^Et^P^o They found the compound to be monomeric in benzene, 
to have a magnetic moment of 108 B,MC (low spin d^  configuration), and to 
have a dipole moment of about 205 D in benzenec On the basis of the 
dipole moment, they proposed a square pyramidal structure. This complex 
has been cited in most texts as a stereo-chemical example of a square pyra­
mid,, However, in 1963 Jensen(74) reported that the analogous cobalt com­
plex (CoCl^Et^P)2) had a zero dipole moment in a pentane solution,, This 
ruled out the earlier postulated configuration and indicated a struc­
ture more in accordance with a trigonal bipyramidal configuration. 
20 
Table 2 0 Possible Five-Coordinate Compounds 
complex d -shell references additional notes 
1. M(DPP)3X2 7,8 70,71,72 low spin, M = Co,Ni, 
X = Br,I 
2, (MX(QP))+ 6,7,8 40,41,42 
43,44 
discussed in structure 
section,(Ptl(QAS))+ 
M = Fe,Co,Ni,Rh,Pd,Pt 
3. MBr 3(PEt 3) 2 6,7 73,74,75 
76 
Co(III), Ni(III) 
4, (Ni(P(o-C,H.SCH0)_X)+ 6 4 3 3 8 77,78 also neutral ligand complex 
X = I,Br,Cl,NCS 
L = thiourea, PH^P, PH0PCH0 3 2 3 
5, (Ni(TAP)X)+ 8 79 also hydrate (Ni(TAP)H O)-1"* 
6o Pd(DPP)3X2 8 80 -7. (M(trenMe)X)X 7,8,9 81 M = Co,Ni,Cu 
M(dienMe)X2 5-10 82 M -= Mn-Zn 
9. (Cu(N02)5)"3 9 83 -
10, Co(MNT)2L 6 84 L - PH3P, pyridine 
llo Fe(L 1) 3X 2 6 85 -
12. (MnCl5)"2 4 86 -
13. VC1 3(0PR 3) 2 2 87 -
14. MCl 3(NMe 3) 2 1,2 88,89 M = Ti(III), V(III) 
note: TAP = tris(3-dimethylarsinopropyl)phosphine 
TrenMe = tris(2-dimethylaminoethyl)amine 
dienMe = bis(2-dimethylaminoethyl)methylamine 
M N T = ( N E C ) - C = C - ( C = N ) » t 
1 S S 
L = cyclohexylphosphine 
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Recently, Jensen and Jorgensen (76) have discussed the charge transfer 
spectra of the cobalt(III) complex in terms of a trigonal bipyramidal 
structure. 
Dyer and Meek (77) have recently reported a new tetradentate li­
gand, tris(o-methylthiophenyl)phosphine, P(o-C^H^SCH^)^, which with nickel 
(II) formed a series of complexes with the stoichiometry [Ni{P-
(o-C,H,SCH0).0>X]+ (X = I, Br, Cl, or NCS) or [NiiP-(o-C,H/SCH0)_}Ll2+ o h J J o 4 J J 
(L = thiourea, triphenylphosphine or methyldiphenylphosphine)„ The halide 
4. 
complexes, [NilP-^-C^H^SCH^) ^  }X] , were all diamagnetic and 1:1 electro­
lytes in nitromethane. The intensity of the lowest energy transition in­
dicated a non-centrosymmetric structure. Dyer and Meek have postulated 
a trigonal bipyramidal structure based on the visible and ultraviolet 
solution spectra. They (78) have also indicated that two tridentate 
ligands, phenyIbis(3-dimethylarsinopropy1)phosphine and phenylbis(o-
methylthiophenyl)phosphine formed five-coordinate complexes with 
nickel(II)„ 
Complexes (79) of the type [Ni(TAP)X]+ and [Ni(TAP)H20]2+ 
(where TAP = tris(3-methylarsinopropyl)phosphine) appeared to exhibit 
five-coordination on the basis of their diamagnetism, conductivity and 
absorption spectra. The author reported that the phosphine apparently 
functioned as a tetradentate ligand. From the absorption spectra they 
postulated three possible isomers of trigonal bipyramidal geometry. 
Hayter (80) has reported the isolation of a complex of formula 
(Pd(DPP)3Br2 from a reaction of diphenylphosphine with palladium(II) 
bromide« The molecular weight and conductivity data indicated partial 
dissociation in solution; however, the dark red color in solution may 
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have indicated the presence of the non-ionic five-coordinate complex. At 
the present time no additional work has been reported on this system. 
The quadridentate ligand tris(2-dimethylaminoethyl)amine (trenMe) 
with cobalt, nickel and copper(II) formed high spin complexes (81) which 
were reported to be five-coordinate,. Conclusions concerning the stereo­
chemistry of these complexes were based on absorption spectra. The au­
thors reported that the spectra approached more nearly that predicted for 
a trigonal bipyramidal complex. 
Complexes with the bivalent transition ions from manganese to zinc 
having the formula [M(dienMe)X2.] (where dienMe •= bis (2-dime thy laminoethyl) 
methylamine) have been reported by Crompolini and Speroni (82). The com­
plexes are all of the high spin type and experimental data indicated a 
coordination number of five. The spectra of these complexes have been 
given in evidence of a distorted trigonal bipyramidal configuration. 
Bernal (83) recently has reported electron spin resonance measure­
ments on potassium pentanitrocuprate(II) , K^Cu^C^)^. The data demon­
strated only that the complex had to be axially elongated and no further 
information was derived about the conformation from the results. 
In acetone solutions the square planar complex Co(MNT) 
S S z 
(MNT = ( NE C ) C = C ( C = N ) ) has been reported (84) to add a monodentate ligand 
such as pyridine or triphenylphosphine and become five-coordinate. The 
following two complexes have been reported [ (M-C^H^) ^ Nj [Co(MNT)
 2C^H^N] 
and [(M-C^H9)^N][Co(MNT)2(PPH3)]. The complexes were diamagnetic and 
a square pyramidal geometry has been suggested0 
Issleib and Roloff (85) have prepared a tris(cyclohexylphosphine) 
iron(II) dibromide complex which has a five-coordinate stoichiometry. 
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The complex was found to be a non-electrolyte and monomeric in solution. 
It exhibited an unusually high magnetic moment of 3.48 B.M. On the basis 
of this data they have predicted a five-coordinate species with a trigonal 
bipyramidal configuration. 
A deep green manganese(III) complex with the empirical formula 
(Et^N)2(MnCl^) has been reported by Gill (86). He was not able to deter­
mine the molecular weight of the compound because of its instability; 
therefore he has proposed either a monomeric five-coordinate or a dimeric 
six-coordinate structure for the manganese(lll) ion,, 
Issleib and Bohn (87) have prepared vanadium(III) complexes of 
the type VCl^OPR^^ where the ligand was either a phosphine or phos-
phine oxide. These showed non-electrolyte behavior and were postulated 
to have a coordination number of five. 
Complexes of the type MCl^NMe^^ have been reported (88,89) for 
both titanium(IIl) and vanadium(III). These were somewhat difficult to 
prepare and were not very stable; however, some chemical evidence was 
presented which indicated a five-coordinate species. 
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CHAPTER III 
REVIEW OF SPECTRAL ASPECTS OF FIVE-COORDINATION 
Crystal Field Theory 
Becquerel (90) was the first to formulate the basic idea of cry­
stal field theory which was that the metal ion in a complex was sub­
jected to an electric field originating from the ligand. Bethe (91) 
formulated these ideas into a theory which in part was concerned with 
the qualitative consequence of the symmetry of the surounding ligands 
in the crystalline lattice. He showed that the degenerate free ion 
states arising from a particular electronic configuration must split 
into two or more states when the ion was introduced into a crystalline 
lattice. He employed group theory in order to determine just what 
states resulted when an ion of particular electronic configuration was 
introduced into a particular symmetry environment. Bethe also calcu­
lated the magnitude of the splittings of the free ion states by assuming 
that the surroundings affected these splittings in a purely electrostatic 
manner. This electrostatic treatment was the defining feature of crystal 
field theory, Van Vleck (92, 93) later indicated that Bethe's symmetry 
arguments were valid even if the change was made from a purely electro­
static treatment to one which considered covalent bonding between the 
metal ion and its ligands. A combination of Van Vleckfs and Bethe's 
ideas along with molecular-orbital (94) theory essentially defined the 
more sophisticated ligand field approach. 
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Electronic Configuration of Free Ion 
For a given d n configuration several terms are possible and these 
are characterized by the quantum numbers L, S and J. These terms are all 
degenerate if electron-repulsion and spin-orbit interaction are neglected. 
However, this approximation is unrealistic. But, if spin-orbit inter­
action is ignored, then L commutes with the Hamiltonian operator and is 
quantized. Thus, electron repulsion splits the degeneracy to give terms 
characterized by L and S (95)„ If now spin-orbit interaction is intro-
duced as a small perturbation, through a L*S term in H, then states with 
given L and S which are still degenerate are split and each final state 
is properly characterized by J, The notion of jj coupling refers to in-
elusion of Z»s for each electron before electron-repulsion such that the 
latter is introduced as a small perturbation. Actually, the only rigorous 
quantum number is J and the transition from L,S — > jj coupling is a 
smooth one with states of different L and S but same J mixing. 
However, the L,S coupling scheme is a useful approximation and is 
employed for the ions of the first and second transition series. The more 
complex jj scheme is employed in general with the third transition series 
as well as with the lanthanide and actinide series. 
For more than one electron beyond the closed shells, L is given by 
the vectorial sum: L = + jl^.oo-fc where the £'s refer to the % quantum 
number of the individual electrons in the unfilled valence shell, The 
value of total spin angular momentum is given by the vectorial sum of the 
S values for the separate valence electrons, however, subject to the 
Pauli Exclusion Principle. The states which may arise by L,S coupling from 
all d n configurations are listed in Table 3. 
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Table 3, States for d n Systems in Russell-Saunders Coupling (96) 
2(D) 
d 2 1(S,D,G) 3(P,F) 
d 3 2(D) 2(P,D,F,G,H) 4(P,F) 
d 4 1(S,D,G) 3(P,F) ±(SSD,F,G,1) 3(P,D,F,G,H) 5(D) 
c o o / O / £ 
d (D) (P,D,F,G,H) (P,F) (S,D,F,G,I) (D,G) (S) 
d^  Same as d 4 
7 3 d Same as d 
d^ Same as d 2 
d^  Same as 
d 1 0 ^S) 
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The L,S coupling scheme indicates which terms arise from a parti­
cular electronic configuration, but, in addition to the nature of the 
states, we must decide upon their relative energies. These energies have 
been determined experimentally for a large number of ions and standard 
tabulations are available (97) „ Normally those states of greatest multi­
plicity and largest L value will lie lowest in energy (Hund's rule). 
Splitting of Terms in a Chemical Environment 
Weak Field TreatmentQ In the weak field approach (98) the crystal 
field (perturbation) is assumed small with respect to the separation of 
free ion terms. In the weak-field case, the L and S quantum numbers for 
the central ion are valid and the problem is to determine how a given 
L,S term is split by a particular ligand symmetry without considering the 
possibility of the different levels interacting. The qualitative features 
of the crystalline field splittings are obtained by group theory In a 
particular environment the orbitals will transform in a manner which will 
be characterized by the irreducible representations of the symmetry group 
determined by the crystal field. The character (\) of the representation 
(a character is the sum of the diagonal elements of a square matrix) based 
on the set of (2L + 1) wave functions with quantum number L in a particu­
lar point group may be found from the following formulas (99) which indi­
cate the character of a rotation about an arbitrary axis through the 
angle <*, 
i 
/ \ _ sin(L + T) , x 
X V < x ;
 sin(«/2) 
and reflection through an arbitrary plane o , 
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X(o) = +1. 
This set of (2L + 1)degenerate basis functions may give matrices which 
are reducible or irreducible in the crystal field group. If the repre­
sentation is reducible (indicating splitting in the crystal field ion), 
it may be reduced to a set of irreducible representations corresponding 
to the ion states which are produced by this field. 
The splittings of the various atomic states in various symmetries 
have been determined for the more common point groups. The author has 
derived the splittings in the symmetry from the correlation tables 
found in Wilson, Decius and Cross (100). This was possible because 
is a subgroup of the common 0^ point group McClure (101) has de­
rived the corresponding states in symmetry; this point group is not 
a subgroup of the common 0^ point group, Table 4 lists the splittings 
of the free ion terms in field of and symmetries < 






D A 1 + B 1 + B 2 + E 
A 1 + B x + B 2 + 2E 
2A± + A 2 + B1 + B 2 + 2E 
2AX -r- A 2 + B 1 + B 2 + 3E 




I 2AX + A 2 + 2B X + 2B 2 + 2E :2 + A1^ + A£ + 2E" + 2E? 
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The states into which a particular free ion term is split have the 
same spin multiplicity as the parent term because the chemical environ­
ment is assumed not to interact directly with the electron spins. 
Strong Field Treatment. In the strong field approach (102) the 
crystal field splitting is assumed so large that the torques exerted on 
the orbital motions of the electrons are determined by the lattice site 
symmetry, rather than by the correlative interactions between the elec­
trons. The perturbation due to the external field is considered larger 
than electron repulsion and the atomic orbitals are first split according 
to the field symmetry, then used as bases for the ion configuration. The 
quantum numbers L and S are no longer significant. The electronic state 
of the ion is now determined by the configuration and the specified oc­
cupation numbers. In the cases of interest, the lowest state for the 
symmetry arises by the e" state filling first to a maximum of four elec­
trons, then the less stable e' state fills to a maximum of four electrons, 
then the a| which is highest in energy accomodates the two additional 
electrons. The order of filling for the is e, b^, a^ and b^ respec­
tively from lowest to highest energy. Figure 1 shows the strong field 
splittings of the d-orbitals in the five-coordinate environments; the 
octahedral splittings are also given as a comparison of the relative 
energies involved (17). 
For a specified configuration several terms may arise due to 
electron repulsion. These terms may be found by reducing the direct 
product representations corresponding to the configuration with suitable 
considerations of the restrictions Imposed by the Pauli Exclusion Princi­
ple. 
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Figure 1, Strong Field Splittings of the d-Orbitals in the Five-Coordinate Symmetries 
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Intermediate Field„ The fields of intermediate strength may be 
approached either from the weak-field or from the strong-field limits„ 
The two approaches must yield identical results if each is solved exactly. 
As the interaction with the environment goes from weak to strong, the 
symmetry properties of the ionic states in the field do not change in 
any way; therefore there must exist a one-to-one correspondence between 
the states at the two extremes (96). 
Correlation Diagrams 
The correlation diagram is a combination of the weak-field and 
the strong-field approach; it shows how the energy levels behave as a 
function of the strength of interaction„ Normally the diagrams are con­
structed so that the right side corresponds to the strong-field limit 
and the left side to the weak-field limit. The two sides of the diagram 
can then be correlated since a one-to-one correspondence of states of 
the same symmetry must exist and states of the same spin degeneracy and 
symmetry cannot cross (96)„ 
The Hole Formalism. According to the hole formalism, a d"^  n 
configuration will behave, at all points along the abscissa of the energy 
diagram, in the same way as the corresponding d n configuration, with the 
exception that all energies of interaction with the environment will 
have the opposite sign. Therefore n holes in a d-shell may be treated 
as n-positrons and will correspond to n-electrons in an inverted arrange­
ment „ 
Spectra of Transition Metal Complexes 
An important use of correlation diagrams is in the interpretation 
of spectral and magnetic properties of complexes, The near infrared, 
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visible and near ultraviolet spectra of transition metal ions are due in 
part to d-d transitions from a stable ground state to various excited 
states illustrated on the correlation energy level diagrams (Chapter VI), 
The following section will be devoted to a discussion of selection rules 
and mechanism which allow these d-d transitions. 
d-d Transitions 
The intensity of a transition between the ground state and some 
excited state ip' is proportional to the square of the transition moment, 
Q, defined byj 
Q = /ijAq.ij/dr = U* (/q.H' dT j>* . ty' . dr
 J J L
 1 J space space spaceJ spin spin spin 
where is the electric dipole operator and where the factoring is pos­
sible only if spin-orbit interaction is ignored, The integral will van­
ish unless the spin functions il)
 t and ip' „ are identical (no change 
v rspin yspm 6 
in multiplicity). However, spin allowed d-d transitions are forbidden 
by an electric dipole mechanism because of Laporte's Rule. This rule 
stems from the fact that d-orbitals are symmetric with respect to inver­
sion through the center of symmetry; the d-orbitals are even functionsc 
However, the electric dipole operator is an odd function and changes 
sign upon inversion. Therefore, the transition moment integral between 
two d-orbitals will change sign upon inversion, but the values of the 
integral must be independent of the choice of the coordinate systems; it 
follows then that it must vanish. 
However, such d-d transitions are observed and can be classified 
into two types. 
Electronic Allowed d-d Transitions. Electronic allowed 
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transitions occur in noncentrosymmetric complexes and are due to a mixing 
by the external field of the d- and p-states. The d-states are nc longer 
pure (even) functions but are mixed with p- (odd) functions. This causes 
Laporte's rule to be weakened and results in transitions of oscillator 
strength less than expected for even-odd transitions. 
Vibronic Allowed d-d Transitions. Transitions occur by an elec­
tric dipole mechanism for centrosymmetric complexes, but these transitions 
have much lower oscillator strengths than those of the electronic allowed 
transitions. These oscillator strengths are too large to be due to 
either electric quadrupole and/or magnetic dipole radiation. Also sym­
metry arguments have been used to eliminate electric quadrupole and mag­
netic dipole mechanisms for the 3d complexes; these mechanisms do not 
predict all the transitions that are observed. These transitions are, 
therefore, electric dipole in character and the g-character of the 
states must be removed to a small extent in either the excited or ground 
state by vibration-electronic interaction. An ungerade perturbing vibra­
tion is superimposed on the electronic wave function. Such transitions 
depend, therefore, upon the extent to which the perturbing vibrations can 
distort the electronic wavefunction. 
Symmetry Selection Rules 
Since the eigenfunctions for the molecule are bases for irreduci­
ble representations of the symmetry group to which the molecule belongs, 
integrals of the form j\p lq^l> dr , can be different from zero only if the 
integrand is invariant under all symmetry operations of the group. The 
direct product, IqJ/ , must then form a basis for the totally symmetric 
representation of the group. Therefore, one of the irreducible repre­
sentations occurring in the direct sum (derived from the reducible 
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representation which resulted from the direct product) must be the 
totally symmetric one; otherwise the integral will have a value of zero. 
From symmetry arguments, one can investigate whether the integral has a 
finite magnitude along a particular axis corresponding to the x, y or z 
component of ^q^. For the less symmetrical point groups such as and 
D^, the x, y and z axes do not all belong to the same representation; 
therefore the phenomenon of polarized absorption will be encountered0 
Site-Symmetry Approach 
The usual inorganic approach to the problem of solid state absorp­
tion spectra is based on a symmetry group determined by the site-symmetry. 
The selection rules used in this approach are determined by the symmetry 
of the complex ion and the orientation of the other complex ions within 
the unit cell, The more sophisticated approach to the problem is the 
exciton (103) approach, which takes into consideration intercomplex in­
teractions. In this approach the selection rules are no longer deter­
mined by the site group symmetry but by the factor group, which repre­
sents the symmetry of the entire unit cell, 
Winston and Halford (104) have discussed the relations between 
the factor group and the site group analysis of vibrational spectra. 
The approach that they have recommended to the interpretation of the 
infra-red spectrum of a crystal" is! 
"to carry out first a site analysis (which often does not 
require a map of the unit cell), This will yield an ade­
quate interpretation for the grosser, if not all, the de­
tails of the spectrum0 If finer details remain to be ex­
plained, resort may then be had to the unit cell analysis." 
The following statements were made about the differences between the 
site group and the factor group analysis. These differences correspond 
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essentially to the coupling of vibrations between occupants of different 
sites in the unit cello 
1. A motion which is a member of a degenerate set under the site 
group (S) will still be a member of a degenerate set in the factor group 
(F); the motion cannot go into a representation of F which has smaller 
dimensionality than its representation in S. 
2 Q A motion will not be assigned spectral activity in F and 
inactivity in S; the dipole moment and polarizability character are the 
same for the common elements of S and F» 
3. A depolarized motion in S will not become polarized in F. 
4. Motions may become more degenerate in F than in S; may lose 
spectral activity or become depolarized, 
5. A band from S may become several times duplicated under F„ 
Most of these relations are the consequence of the site group being 
necessarily isomorphous with some subgroup of the factor group„ There­
fore, the presence of an effect predicted from the site analysis seems 
to be valid; however, the absence of a predicted effect might require 
careful consideration„ 
Detailed Treatment of Splittings 
Many theoretical treatments have been made for the energy levels 
of six- and four-coordinate complexes; however, no detailed treatment has 
been reported for five-coordinate systems. Recently, a point dipole 
g 
treatment (105) has been performed on the d high-spin (weak field) con­
figuration in a five-coordinate environment. Also a molecular orbital 
treatment (106) and a point dipole treatment (107) have been made on the 
9 
d configuration in a trigonal bipyramidal environment. The following 
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section will be devoted to a brief discussion of these treatments. 
Ciampolini (105) has calculated the splitting of the terms of the 
free nickel(II) ion in fields of five point dipoles arranged in and 
C^v environments. He employed the weak-field scheme with interaction of 
configurations in his calculations. He compared the spectra of two high-
spin nickel(II) complexes (35, 6 7) of approximately and stereo­
chemistries with those predicted from the point dipole model. He found 
the agreement to be satisfactory. The predicted and calculated values 
are listed in Table 5. 
Hatfield, Bedon and Horner (106) have used a molecular orbital 
approach (modified Wolfsberg-Helmholz method) to calculate the energy 
levels in the pentachlorocuprate(II) ion. Their predicted transitions 
agreed rather well with the observed spectrum. The assignments of the 
bands and energies of transitions are indicated in Table 6. 
Day (107) has applied the point-charge crystal field model to the 
pentachlorocuprate(II) ion. He reported only one band (9,500 cm ^ ) in 
the single crystal spectrum, however, Hatfield (106) resolved this band 
into two bands (8,200 and 10,400 cm ^ ) at liquid nitrogen temperatures. 
2 2 
Day (107) calculated the energy of the A| * E" transitions (excited 
state assignment appears wrong, a transition to the E ! state was allowed 
but to the E" state was forbidden by dipole selection rules) to be 
9,500 cm ^  as compared to his observed band at 9,500 cm \ 
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Table 5. Predicted and Observed Spectra of Five-Coordinated 
High-Spin Nickel(II) Complexes 
symmetry reference predicted trans. calc. f req. (cm "*") obs. f req. (cm ^") 
D 3 h 71 V - V 7,000* 7,500 
3Au 3 ,, 





E " 22,500 
3 ** 
A2 26,200 
3E 7,200*** 7,700 
\ 10,800 9,900 
\ 12,300 12,600 
\ 17,300 16,500 
26,400 
3E 28,400 
C. 32 V 4v 1 
dipole strength assumed to be 5.20 D, 
two electron transition. 
dipole strength assumed to be 4.85 D« 
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Table 6. Calculated and Observed Transitions in CuCl 
_1 orbital _^ 
obs . f req , (cm ) assignment calc „ freq . (cm ) 
8,200 aj » e' 7,700 
10,400 y a2* 9,400 
y e' 9,500 
• e' 10,200 
24,000 —-> a2' 21,300 






X-Ray powder patterns were obtained with a Phillips diffractometer, 
using Cu K« radiation. Several packings were run, and some preferred 
orientation was observed. The intensities of the pattern were evaluated 
in terms of very strong, strong, medium and weak. 
Single Crystal Equipment 
The reciprocal lattice data were recorded photographically using 
a precession camera,MoK« radiation, and a Picker X-ray generator. 
Magnetic Studies 
Magnetic susceptibilities were determined by the Gouy method. 
The Gouy balance used consisted of a Newport Instruments electromagnet 
equipped with a Mettler Type H 16 microbalance. In order to eliminate 
errors due to air drafts, a glass jacket was fitted between the poles of 
the electromagnet and was extended to the base of the balance. The 
power supply was capable of supplying current up to 9.0 amperes, which 
corresponded to a magnetic field range of zero to 12,000 gauss. Several 
readings at different magnetic fields were recorded for each sample. 
Diamagnetic corrections were obtained by addition of tabulated atomic 
diamagnetism corrections (108). 
All of the magnetic measurements were made on solid samples which 
were finely ground with a mortar and pestle. The mercury 
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tetrathiocyanatocobaltate(II) complex (109) was used as a standard for 
—6 
tube calibration; a value of 16,44 x 10 c.g.s. was employed as the gram 
susceptibility of the standard. 
Spectral Studies 
Solution and Mull Spectra 
The absorption spectra were obtained on a Cary Model 14 spectro­
photometer and on a Bausch and Lomb Spectronic 505 spectrophotometer. 
Solution spectra in the visible and near infrared were obtained with a 
1 cm pair of matched cells. Solid spectra were obtained by the mull 
technique using hexachlorobutadiene as the mulling liquid. 
Microspectrophotometer 
Single crystal spectra were obtained with a single beam spectro­
photometer constructed from a Beckman DU monochromator and a Photovolt 
520-M photometer. A type 21-C photomultiplier tube was used for the 
visible region and a 71-D photomultiplier tube was used for the near 
infrared region. The light source employed was a Pointolite lamp of 
100 c.p. A microscope was used to focus an enlarged image of the crys­
tal on the slit of the monochromator. Polaroid linear polarizers were 
employed when polarized spectra were desired. Polaroid type HN38 was 
employed for the range 400-850 mu and type HR for the range 800-1100 mu. 
The single crystals were mounted on a glass slide, the slide was 
placed on the microscope stage, and the optics were adjusted to focus an 
image of the crystal on the entrance slit of the monochromator. The 
microscope stage was then rotated to align the polarization of the crys­
tal with the polarizer. The polarizer was capable of a 90° rotation so 
that both polarizations of the crystal could be recorded without moving 
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the crystal. A program of exit slit settings was determined over the 
workable wavelength range with continuous radiation in order to employ 
a horizontal base line* A diagram of the instrument is given in Figure 
2. 
U2 
A = Beckman DU monochromator 
B = Exit slit control 
C = Photomultipler tube assembly 
D = Microscope 
E » Objective lens (focal length of 16mm and magnification of X1D 
with numerical aperture of 0.25) 
F = Sample mounted on glass slide 
G = Lens (4 cm diameter and 9 cm focal length) 
H a Polarizer 
I » Pointolite lamp (100 cp.) 
J = Microscope stage 
K = Entrance slit 
L = Photovolt 520-M photometer 




Preparation of Complexes 
Diphenylphosphine Complexes 
Issleib and Frohlick (110) have reported the preparation of 
diphenylphosphine by the hydrolysis of potassium diphenylphosphide. 
The author has utilized a technique very similar to the one outlined by 
Issleib and Frohlick for the preparation of diphenylphosphine„ 
Into a three-neck flask (250 ml) were added, in the following 
order: 13.1 gm of triphenylphosphine, 100 ml of absolute dioxane, and 
3.9 gm of potassium metal which was cut into small pieces under toluene. 
The flask was fitted with a condenser, a glass inlet tube, and stirrer. 
The reaction mixture was brought to reflux temperature and maintained for 
five to six hours with constant stirring under a nitrogen atmosphere. 
The reaction flask was then cooled and distilled water was added slowly 
with stirring under nitrogen until the potassium diphenylphosphide was 
hydrolyzed and all the excess potassium consumed. A solution of 1:1 
HCl'^O was then added until the solution was acidic (checked with litmus) . 
The diphenylphosphine was then extracted from the acidified solution with 
ether. The extracted ether layer was then stored under nitrogen and 
over anhydrous sodium sulfateD Five preparations were performed as indi­
cated and combined. The solution was distilled under vacuum at a pressure 
of 12 mm. Approximately 13 gm of diphenylphosphine was obtained over a 
temperature range of 149-155°C. Wittenberg and Gilman (111) had previously 
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reported the boiling point of diphenylphosphine to be 150-154°C at 11 mm 
pressure. 
A technique similar to the one reported by Hayter (72) for the 
preparation of the nickel complexes was employed to prepare the bromide 
and iodide complexes of both nickel and cobalt„ Anhydrous cobalt halides 
were prepared by heating in vacuum at 135°C; however, the anhydrous 
nickel halides were prepared by refluxing the hydrates with 2,2-
dimethoxypropane (112). The anhydrous metallic halides and diphenylphos­
phine dissolved in methylene chloride in mole ratios of one to four were 
refluxed for a short time with constant stirring. The intensely colored 
solutions were then filtered under nitrogen to remove any residual 
metallic halide. After filtration, n_-hexane was added slowly over 
several hours until the complexes began to crystallize. After crystal­
lization the complexes were separated by filtration through a sintered 
glass funnel, washed with n-hexane and dried in a vacuum desicator over 
sulfuric acid. Analytical data are summarized in Table 7. All of the 
compounds except the cobalt iodide complex have been reported pre­
viously (71, 72). All of the complexes were easily recrystallized by 
first dissolving in methylene chloride and then adding n-hexane. The 
carbon and hydrogen analyses of these and subsequent compounds were 
performed by Galbraith Laboratories, Inc., Knoxville, Tennessee. 
Pyridine N-Oxide Complexes 
Tris(pyridine N-xodie)cobalt(II) Halides. The preparation of 
the tris(pyridine N-oxide)cobalt(II) bromide and chloride have been 
reported in the literature (113, 114). The author has followed a pro­
cedure similar to the preparation outlined by Quagliano and co-workers 
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Co Br 55.62 55.85 4.28 4.39 
Co I 49.62 49.83 3.82 4.02 
Ni Br 55.64 53.25 4,28 4.05 
Ni I 49.64 49.80 3.82 3.94 
(113). The complexes were prepared by mixing absolute ethanol solutions 
of the anhydrous cobalt(II) halide and pyridine N-oxide in mole ratios 
of one to four respectively. The green solids were separated by filtra­
tion, washed with absolute ethanol and dried in a vacuum desicator over 
sulfuric acid. Analytical data are summarized in Table 8. 
Table 8. Analytical Data for Co(pyridine N-oxide)„X9 
% Carbon % Hydrogen 
X Calcd. Found Calcd. Found 
Cl 43.39 43.45 3.64 3.89 
Br 35.74 35.98 3.00 3.08 
Hexakis(pyridine N-oxide)cobalt(II) Tetrabromocadmiate. A hot 
ethanol solution of anhydrous cobalt(II) bromide, anhydrous cadmium 
bromide and pyridine N-oxide in mole ratios of 1:1:6 was prepared and 
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allowed to cool (115). The blue solution yielded an orange-red solid on 
standing. The solid was separated by filtration, washed with absolute 
ethanol, and dried in a vacuum desiccator over sulfuric acid, Analytical 
data are summarized in Table 9. 
Table 9. Analytical Data for Co(pyridine N-oxide)ACdBr, 
% Carbon % Hydrogen % Cobalt 
Calcd. Found Calcd. Found Calcd. Found 
33.94 33.88 2,85 2„95 5.55 5.50 
The cobalt content was determined spectrophotometrically using 
the tetra-n-butylammonium tetrabromocobaltate(II) complex (116) as a 
standard. 
Iodobis(dipyridyl)copper(II) Iodide 
This compound (48) was prepared by mixing copper nitrate, dipy­
ridyl and potassium iodide in mole ratios, respectively, of one-two-two 
in a water-acetone mixture, A yellow-green solid immediately separated. 
The solid, after filtration, was easily recrystallized from nitromethane. 
From this was obtained long brown needles of iodiobis(dipyridyl)copper 
(II) iodide. 
X-Ray Diffraction Studies 
Tris(pyridine N-oxide)cobalt(II) Halide Complexes 
X-ray powder patterns are given for the tris(pyridine N-oxide) 
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cobalt(II) bromide and hexakis(pyridine N-oxide)cobalt(II) tetrabromo-
cadmiate complexes. A comparison of intensities and interplanar spacings 
for these two complexes is presented in Table 10. A comparison of the 
powder patterns reveals that they are almost identical in both peak posi­
tion and intensity, and the compounds, thus, appear to be isomorphous. 
Tris(diphenylphosphine)metal(II) Halide Complexes 
X-Ray Powder Patterns, X-ray powder patterns are given in Table 
11 for the tris(diphenylphosphine)metal(II) halide complexes. A compari­
son of the patterns for the Ni(DDP)3I2 and Co(DDP)3I2 yield essentially 
identical intensities and interplanar spacings. Also a comparison of the 
Ni(DDP)2^T2 a n d c ° ( D D p ) 3 B r 2 y i e l d almost identical patterns. Therefore 
the bromide pair and the iodide pair are isomorphous; however, there are 
slight differences both in intensities and in the d-spacings between the 
bromides and iodides. Therefore, the patterns do not prove conclusively 
that the bromides and iodides are isomorphous. 
Unit Cell Determination. Single crystal data were recorded 
photographically using a precession camera and MoK^ radiation. A crystal, 
which appeared to be a single crystal when viewed under stereoscopic 
and polarizing microscopes, was chosen for mounting. The crystal was 
glued to a glass fiber which in turn was cemented to a metal pin; the 
metal pin was locked into the goniometer head and the crystal was visu­
ally aligned by adjusting the goniometer arcs. Final orientation was 
carried out on the precession camera using unfiltered radiation (117) . 
Data to determine space group and unit cell dimensions were 
obtained from zero level and upper level photographs of the two prin­
cipal zones using filtered radiation. Unit cell determinations for the 
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Table 10. X-Ray Powder Patterns for the Pyridine N-Oxide Complexes 
(CoL,)(CdBr.) CoLQBr0 
o D 4 o 3 L 
d,A !*_ d.A I 14.243 m 14.243 m8.665 w 8, 665 w 7.431 s 7,493 s 6.857 v s 6.857 V s 6.320 w 6 ,276 w 6.021 m 5o981 m 5.862 m 5,862 m 5.273 w 5.273 w 4.818 s 4.818 s 4.149 m 4.149 m 4.055 s 4.037 s 3.966 s 3,948 m 3.218 w 3,206 w 3.162 m 3,129 m 3.066 s 3.046 m 
'The symbols used to designate intensities are: s, strong; m, medium; 
w> weak; and v, very. 
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13.586 s 13.586 s 
13.181 s 13.181 s 
10.394 V s 10.394 v s 
8,664 s 8.644 s 
80339 s 8.261 s 
7.755 m 7.755 w 
4.870 s 4.870 m 
4.525 s 4.548 s 
4.149 w 4.149 w 
4.037 s 4.037 s 
3.897 s 3.880 s 
3.751 m 3.751 m 
3.463 w 3.463 w 
2.873 w 2.864 w 
2.761 w 2.761 w 








































2. 712 w 
The symbols used to designate intensities are: s, strong; m, medium; 
w, weak; and v, very. 
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four diphenylphosphine compounds showed almost identical triclinic unit 
cells. These results along with the densities, which were obtained by 
the flotation method, are summarized in Table 12. 
Table 12. Unit Cell Parameters* for the M(DPP) X Compounds 
M X a b c cc "TO y 
d
 K obs d -| cal 
Co Br 11,05 11.47 15.41 98. 0 82.9 118. 5 1.51 1.52 
Co I ll. 16 11.93 15.53 100. 8 
81 o 7 118. CO 1.62 1.62 
Ni Br 11.05 11.47 15.41 98. 0 82.9 118. 5 1.51 1.52 
Ni I 11.16 11.93 15.53 100. 8 81.7 118. 3 1.62 1.62 
All cell dimensions were obtained from measurements of precession photo­
graphs; the interaxial angles are accurate to about 5 minutes and the 
cell edges are accurate to about 0.2%. 
Real cell constants were calculated from reciprocal cell constants using 
relationships given by Buerger (118). A computer program, written by the 
author, was used to evaluate the real cell constants and the calculated 
density (see appendix). 
The densities calculated for two molecules per unit cell were 1.52 
and 1.62 gm/cc for the bromide and iodide respectively, as compared to 
observed densities of 1.51 and 1.62 gm/cc. 
Intensity Data. Photographs for determining intensities were re­
corded photographically with a precession camera using MoK« radiation, A 
series of accurately timed exposures were taken at 2.4, 12, and 60 hours 
51 
for each layer. All exposures of a particular layer were developed 
simultaneously. The intensities were estimated visually using a cali­
bration wedge prepared from the same crystal. Lorentz-polarization cor­
rections were determined from templates (119, 120). No absorption cor­
rections were made. 
For the Co(DPP)3Br2 crystal, data were collected for the hkx and 
xk i (x = 0-3) zones. From a series of timed exposures, 1566 unique re­
flections were estimated visually. The observed structure factor data 
(square root of the corrected intensities) are reported along with calcu­
lated structure factors in Table 17 (located in Chapter VI), 
For the Ni(DPP)3I2 crystal, data for the hkO and OkZ zones were 
collected and treated in the same manner as described for the Co(DPP)^ 
Br 2 crystal. A total of 371 unique reflections were obtained. The ob­
served structure factors are reported in Table 19 (located in Chapter 
VI). 
Magnetic Moment Determinations 
Calculations 
Tube Calibration. The calculation procedure and nomenclature 
for obtaining the tube calibration constant at given force field 
strengths are given below. 
A = weight of empty sample tube, zero current, 
B = weight of empty sample tube, at a given current. 
C = weight of filled tube, zero current, 
D = weight of filled tube, at a given current. 
V = volume of tube in cc. 
3 = tube calibration constant, at a given field strength. 
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Y = temperature independent paramagnetism per metal ion. 
T = absolute temperature. 
X = gram susceptibility. 
g 
X m = molar susceptibility. 
y £ = effective magnetic moment. 
S B - A = apparent mass change for empty tube. 
E = D - C - apparent mass change for filled tube. 
F = E - S = apparent mass change corrected for the diamagnetic 
character of the sample tube (mg). 
a - (16.44)*(C-A) - (0.029)**V 
^gram susceptibility (109) of standard Hg(Co(CNS)4 x 10 
volume susceptibility of air 
Effective Magnetic Moment of Sample. The procedure for obtaining 
the effective magnetic moment of the sample is given below. None of the 
values were corrected for temperature independent paramagnetism (Y ) O 
Y - r (Q0Q29)V +6 F 1 ( 1 Q - 6 x 
*g " 1 (C-A) ] U ° } 
X m = Xg(molecular weight of sample) + diamagnetic corrections 
u = 2^ 8^((X m - >)T) 1 / 2 e m 
A computer program written by the author, was used to evaluate the sus­
ceptibilities and magnetic moments (see appendix), 
Magnetic Moments of Diphenylphosphine Complexes 
The results of the magnetic studies of the diphenylphosphine 
complexes are summarized in Table 13. 
The magnetic moments of the cobalt bromide and the cobalt iodide 
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Table 13. Magnetic Data for M(DPP) X ? Complexes 








Co Br 4 2.991 248 2573 2.49 
6 2,854 248 2467 2.43 




Co I 4 2.078 280 2091 2.24 
6 2.062 280 2077 2.23 




Ni Br diamagnetic 
Ni I 4 0.514 280 728 1.32 
6 0,473 280 692 1,29 




temperature = 298 C' 
complexes (2.43 and 2.23 B.M . , respectively) are consistent with the 
presence of one unpaired electron, Although the values are above the 
spin-only value of 1.73, the di fference is probably due to an orbital 
contribution. 
The magnetic moment (1.29 B.M.) of the nickel iodide complex is 
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considerably below the value for one unpaired electron. However, two un­
paired electrons would be present in a spin-free nickel(II) complex. The 
origin of this unusual magnetic moment will be discussed in a later chapter. 
Spectral Studies 
Mull Spectra 
The visible spectra of the solids of tris(pyridine N-oxide)-
cobalt(II) chloride and bromide were obtained as mulls in hexachloro-
butadiene. These spectra are given in Figure 3 and were found to be almost 
identical with those of the corresponding tetrahalocobaltate(II) anions 
(116). Table 14 is given as a comparison of the solid spectra of the co­
balt bromide complex with the tetra-n-butylammonium tetrabromocobaltate(II) 
complex. 
Table 14. Visible Mull Spectra of Co(pyridine N-oxide)„Br„ and 
[Butyl^N][CoBr^] 
Co(pyridine N-oxide^B^ [Butyl^N][CoBr^] 
mu (abs. peak position) mu 
643 ^ 644 
658 (sh) 660 (sh) 
668 669 
698 699 
717 (sh) 720 (sh) 
729 (sh) 
(sh) = shoulder 
700 650 600 
WAVELENGTH,mu 
Figure 3. Mull Spectra of Tris(Pyridine N-Oxide)Cobalt(II) Chloride and Bromide (Dashed 
line represents the bromide complex and the solid line the chloride complex) vn 
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Solution Spectra 
The spectrum of cobalt(II) chloride in dimethylformamide (DMF) was 
observed as the concentration of pyridine N-oxide was increased; these 
spectra are given in Figure 4. 
The absorption spectra of Co(DPP) X 2 (Figure 5) and Ni(DPP)3X2 
(Figure 6) were measured in dichloromethane. 
The solution spectrum of iodobis(dipyridyl)copper(II) iodide in 
nitromethane is shown in Figure 7. 
Single Crystal Spectra 
The crystal spectrum of iodobis(dypyridyl)copper(II) iodide is 
shown in Figure 7„ The extinction coefficients are only approximations 
since the crystal thickness was difficult to measure accurately and since 
it was necessary to correct for scattering by the crystal, A correction 
for background scattering was made by assuming 100% transmission at the 
point of lowest absorption„ 
The crystal spectra of Co(DPP)3X2 and Ni(DPP)3X2 are shown in 
Figures 8 and 9 respectively. Again, the extinction coefficients were 
only approximate; correction for background scattering was made as indi­
cated above. 
Polarized Spectra 
Dipyridyl Complexes. The crystals of iodobis(dipyridyl)copper 
(II) iodide that were used for the spectral studies exhibited well-devel­
oped 100 faces. Observation of the crystal in polarized light showed red 
light transmitted perpendicular to the c-axis and very little light trans­
mitted parallel to the c-axis. The structure determination (47) showed 
the iodide ion in the trigonal plane and the four nitrogens completing a 
slightly distorted trigonal bipyramid. The Cu-I vector was approximately 
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• • • • • • 
CD CD CD CD CD CD 
3NV9HDSaV Figure 4, Spectra of C0CI2 in DMF with Increasing Concentrations of Pyridine N-Oxide (Dashed line represents mole ratios of cobalt to pyridine N-oxide of 1:0, 1:1, 1:2, 1:3 and 1:4; solid line represents 1:10) 
350 450 550 650 750 850 
WAVELENGTH,mu 
Figure 5. Absorption Spectra of Co(DPP)3X2 in Dichloromethane 

60 
CN o o c o 
^ixAiiAiidaosav avidw 
Figure 7. Solution and Solid Spectra of [Cu(dipyridyl) I]I 
(Solution spectrum is represented as dashed line, 
the solid as a solid line) 
600 700 800 900 1000 
WAVELENGTH,mu 
Figure 8. Crystal Spectra of Co(DPP)3X2 (Dashed line represents the iodide complex 
and solid line the bromide complex) 
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parallel to the c-axis. Since, in either or C^v symmetry, the Cu-I 
vector represented the principal axis, the polarized spectra obtained with 
light incident on the 100 face were parallel and perpendicular to the 
principal axis of the complex. Figure 10 shows the polarized spectra of 
the crystal with light parallel and perpendicular to the principal axis. 
Diphenylphosphine Complexes. On observation,the NiCDPP)^^ cry­
stal in polarized light shows green light transmitted approximately per­
pendicular to the £-axis and appears opaque with light parallel to the 
c_-axis. Figures 11 and 12 show the polarized spectra of NiCDPP^B^ 
and NiCDPP)^^ respectively with light perpendicular and parallel to the 
Cj-axis. 
The Co(DPP) ^ crystal in polarized light shows red light trans­
mitted perpendicular to the c_-axis and green light parallel to the c_-axis. 
Figures 13 and 14 illustrate the polarized spectra of the CoCDPP^B^ and 
Co(DPP)„I9 respectively. 
6k 
Figure 10. Polarized Spectra of (Cu(dipyridyl)2I)l (Light polarized 
parallel to the principal axis is represented as a solid 
line and light perpendicular to the principal axis as a 
dashed line) 
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19 17 15 13 11 
WAVE NUMBER cm-lx10~3 
Figure 11. Polarized Spectra of Ni(DPP)3Br2 (Light polarized 
parallel to the principal axis is represented as a 
solid line and light perpendicular to the principal 
axis as a dashed line) 
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Figure 12. Polarized Spectra of Ni(DPP)3l2 (Light polarized parallel 
to the principal axis is represented as a solid line and 
light perpendicular to the principal axis as a dashed line) 
6 7 
Figure 13. Polarized Spectra of Co^PP^Brg (Light polarized parallel 
to the principal axis is represented as a solid line and 
light perpendicular to the principal axis as a dashed line) 
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Figure 14. Polarized Spectra of Co(DPP)3l2 (Light polarized parallel 
to the principal axis is represented as a solid line and 






Since the crystal systems (M(DPP)3X2) were found to be triclinic, 
two space groups were possible (PI and PI). In order to choose between 
these two space groups, statistical tests were applied to the zones of 
reflections. Application of statistical tests to the zones of data in­
dicated a centric structure and the space group PI was assumed. The suc­
cessful refinement of the structure confirmed this choice of space group. 
The statistical tests employed are discussed below. 
Howells and co-workers (121) have devised a statistical test 
which will indicate whether a structure is centrosymmetric or non-
cent rosymme trie . They have shown that the fractions N(z) of reflections 
whose intensities were equal to or less than a fraction z of a local 
average are given, for a non-centrosymmetrical structure, by the function 
N(z) = 1 - exp(-z) and for a centrosymmetrical structure by the function 
1/2 
N(z) = erf(l/2z) . The symbol erf represented the error function of 
Jahnke and Emde (122)„ The values (123) of the two functions are tabu­
lated in Table 15. They found that this method could often be applied 
satisfactorily to zones of reflections. The method of treating the zones 
of reflections was as follows. The data were divided into sets corre­
sponding to sin 6 ranges (selected so that each range contained approxi­
mately the same number of reflections). 
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Table 15. Values of Statistical Functions 
N(z) 
N 0.1 0.2 0.3 0.4 0,5 0.6 0.7 0.8 0.9 1.0 
l-exp(-z) 9.52 18.13 25.92 32.97 39.35 45.12 50.34 55.07 59.34 63.21 
1/2 
erf(l/2z) ' 24.81 34.53 41.87 47.38 52.05 56.14 59.72 62.89 65.72 68.33 
The mean value intensity for each range was obtained by dividing 
the sum of the intensities for the range by the total number of reflec­
tions included in the range. The number of reflections were counted 
which possessed values less than or equal to fractions (N) of the mean 
values (from 10% to 100%,the mean value in increments of 10%). The number 
of reflections corresponding to each of these ranges were divided by the 
total number of reflections for the range, thus, resulting in the N(z) frac­
tion. The complete set of results, N(z), was derived in this manner for 
the various ranges. The mean N(z) of the various ranges was then plotted 
versus the fraction N. Figure 15 illustrates the distribution of inten­
sities for several zones of reflection of the M(DPP)^X^ crystals and com­
pares these with the theoretical curves for 1 and 1. 
Solution of the Structure of Co (DPP) 
The structural analysis involved the location of one cobalt, two 
bromine, three phosphorus, and thirty-six carbon atoms which corresponded 
to a molecular unit. The other molecule in the unit cell was related by 
a center of inversion. A three-dimensional Patterson (124) synthesis was 
computed from the corrected intensities (see appendix for computer 
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Figure 15. Distribution of Intensities for M(DPP)3X2; Compared 
with Theoretical Curves for 1 and 1 
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program information)„ An analysis of the Patterson map revealed the atomic 
positions of the two bromine atoms. 
The peaks located in Patterson space represent the ends of the vec­
tors which radiate from a common origin and these vectors are related to 
the differences of vectors in the electron-density function. Therefore, 
for the two bromine atoms labeled x^, y^, z^ and x^, y2> z^, one expects 
vectors in Patterson space with peak coordinates corresponding to x^ - x^, 
y 2 - y-^ , and - Zy Also since the other molecule is present in the 
unit cell with bromine coordinates of x^, y , and x^, y 2, z2» t n e ad­
ditional peaks 2x^, 2y^, 2z^ and 2x^, 2y2, 2z^ are expected. The Patterson 
function is centrosymmetric and therefore each peak listed above will also 
have an inverse. The peaks representing the vectors for the two bromine 
and one cobalt atoms are shown in a Patterson projection of the HOL zone 
in Figure 16, 
The cobalt and phosphorus atoms were located from a minimum func­
tion (124) based on the bromine atom vectors, A Fourier Synthesis based 
on observed structure factors and phased on the cobalt, bromine and phos-
phorus atoms revealed the carbon atom positions (R = 0„24). A Fourier 
Synthesis based on all atoms should reproduce the electron density at 
each point of the unit cell; an electron density plot computed in this 
manner for the HOL projection is included, Figure 17, as an illustration. 
The unweighted discrepancy factor R (125) is defined as 
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Figure 16. Patterson Projection of the HOL Zone of the Co(DPP)3Br2 
Crystal 
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z coordinate .(fractional) 
Figure 17. Electron-Density Projection of the HOL Zone of the 
Co(DPP)J8r Crystal 
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Full-matrix least-squares refinement (126), using individual isotropic 
temperature factors for each atom, omitting hydrogen atoms, and using all 
reflections weighted at unity, was continued until no parameter showed 
any significant change between successive cycles; the final R value was 
0.12„ Final atomic parameters for all atoms of the asymmetric unit, ex­
cept the hydrogen atoms, are tabulated in Table 16. The calculated struc­
ture factors (FC) obtained using these parameters are compared with the 
observed structure factors (FO) in Table 17. 
Refinement of the Heavy Atom Coordinates of N^DPP)^^ 
The parameters from Table 16, substituting nickel for cobalt and 
iodine for bromine, were used with the data from the NitDPP).^^ crystal. 
Since the amount of data was limited (371 reflections), only the para­
meters for nickel, iodine and phosphorus atoms were refined by least-
squares refinement; a final R value of 0.16 was obtained. 
Final parameters for the atoms varied are listed in Table 18. The 
calculated structure factors obtained using these parameters are compared 
with the observed structure factors (FO) in Table 19. 
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Table 16. Structure Parameters for Co(DPP)„Br 
At om _x Y z B ,A' 
Co 0.3606(4)* 0.0541(3) 0.2248(3) 1.98(7) 
B r l 0.3151(4) 0.1774(3) 0.1184(2) 3.89(8) 
Br 2 0,1943(3) 0.9032(3) 0,3181(2) 3.33(7) 
Pl 0.3185(8) 0,8921(6) 0.1163(5) 2.2(1) 
P2 0.3974(8) 0.2210(6) 0.3259(5) 2.6(1) 
P3 0,5811(8) 0.1306(6) 0.1929(5) 2.5(1) 
R1 C1 0.152(4) 0,811(3) 0,064(3) 3.4(6) 
R1 C2 0.057(4) 0.859(3) 0,081(3) 4.4(7) 
R1 C3 0.936(5) 0.802(4) 0.030(3) 5.0(8) 
R1 C4 0.906(4) 0.692(4) 0,967(3) 4.2(7) 
R1 C5 0.994(4) 0.642(4) 0,954(3) 4.6(7) 
R1 C6 0.111(4) 0.693(3) 0.006(2) 2.9(5) 
R2 C1 0.351(3) 0,754(3) 0.133(2) 2.4(5) 
R2 C2 0,282(4) 0.668(3) 0.192(3) 3.6(6) 
R2 C3 0.320(5) 0.566(4) 0.205(3) 4.6(7) 
R2 C4 0.423(6) 0.567(5) 0.154(4) 6.8(10) 
R 2C 5 0.501(5) 0.653(4) 0,096(3) 5.4(8) 
R2 C6 0.469(4) 0.760(4) 0.091(3) 4.3(7) 
R3 C1 0.512(3) 0.258(3) 0,420(2) 2.2(5) 
R3 C2 0.535(5) 0.171(5) 0.447(4) 6.3(9) 
R3 C3 0.630(5) 0,193(4) 0.508(3) 5.6(9) 
R3 C4 0.699(5) 0.326(4) 0.550(3) 5.4(8) 
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Table 16. (Continued) 
Atom X y z B.A2 
R3C5 0,667(5) 0.416(5) 0,531(3) 6,3(10) 
R3 C6 0.575(5) 0.392(4) 
0,460(3) 4.8(8) 
Vl 0.247(4) 0.220(3) 0.378(3) 3,0(8) 
R4 C2 0.201(5) 0.187(4) 0.463(3) 
5.5(8) 
R4 C3 0.078(6) 0.178(5) 0.504(4) 
7.7(12) 
R4 C4 0.015(5) 0.215(4) 0.453(3) 5.2(8) 
R4 C5 0.043(5) 0.256(5) 0,363(3) 5,7(9) 
R4 C6 0.180(5) 0.258(4) 0.324(3) 5.5(8) 
R5 C1 0.670(3) 0.047(3) 0.220(2) 3.8(7) 
R 5C 2 0.601(4) 0.947(3) 0.288(3) 4.1(7) 
R5 C3 0.678(7) 0.884(6) 0.296(5) 9.7(15) 
R5 C4 0.802(6) 0.904(5) 0.283(4) 8.0(12) 
R 5C 5 0.864(5) 0.992(5) 0.221(3) 7.5(11) 
R5 C6 0.802(5) 0.070(4) 0.183(3) 5.7(10) 
Vl 0.700(4) 0.309(3) 0.219(2) 2.7(5) 
R6 C2 0.681(5) 0.392(4) 0.165(3) 4.9(8) 
R6 C3 0.782(5) 0.531(4) 0.191(3) 5.5(9) 
R6 C4 0.868(5) 0.571(4) 0.254(3) 5.1(8) 
R6 C5 0.878(5) 0,. 480(4) 0.314(3) 5.1(8) 
R6 C6 0.792(5) 0.344(4) 0.285(3) 4.5(7) 
Numbers in parentheses here and in succeeding tables are standard devi­
ations in the least significant digits. 
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TABLE 17. (CONTINUED) 
H < 
_i FO FC H K. L FO FC 2 -3 1 581 516 -5 2 1 148 169 a -3 1 385 353 -6 2 1 126 136 1U -3 1 138 165 -8 2 1 173 181 11 -3 1 205 223 -12 2 1 77 68 2 -4 1 616 50 0 -1 3 1 200 172 3 -4 1 276 28 i -2 3 1 95 101 7 -4 1 55 129 -3 3 1 279 298 8 -4 1 148 131 -4 3 1 173 143 U -4 1 237 2 78 - 5 3 1 297 3 09 11 -4 1 205 228 -6 3 1 145 169 2 -5 1 2 74 230 -7 3 1 192 237 4 -5 1 1 7 0 212 -9 3 1 89 102 7 -b 1 161 131 -12 3 1 7 7 10b lo — b 1 16 7 16b -1 4 1 134 105 1 -6 1 141 lbb -2 4 1 286 24 1 2 -6 1 3bb 371 -4 4 1 184 173 3 -6 1 346 3 09 -6 4 1 134 158 4 -6 1 134 145 -7 4 1 176 197 1 -7 1 2 1 7 23 -8 4 1 84 96 2 -7 1 509 600 -9 4 1 89 108 3 -7 1 207 213 -5 4 1 184 210 5 -7 1 145 8 9 -1 5 1 77 54 6  / 1 16 7 182 -2 5 1 329 28 1 8 -7 1 155 166 -4 b 1 226 2 18 lo -7 1 100 122 -8 5 1 164 179 1 -8 1 134 104 -9 5 1 63 1 U2 2 -8 1 4 15 432 -10 5 1 138 138 4 -8 i_ 200 220 -11 5 1 145 133 8 -a 1 161 154 -3 6 i 224 168 3 -9 1 134 110 -4 6 1 463 43 7 9 -9 1 141 178 -6 6 1 363 4 03 1 -lu 1 145 125 -7 6 1 265 242 U -10 1 148 72 -9 6 1 130 65 11 - l o 1 77 123 -10 6 1 167 170 1 -11 1 105 104 -11 6 1 Ub 134 3 -11 1 148 148 -2 7 1 ib2 130 9 -11 1 179 177 -3 7 1 243 209 11 -11 J 77 130 -4 7 1 377 349 
-12 1 1 0 5 118 -b 7 1 145 107 1 -13 ] 105 107 -6 7 1 5 06 52 1 5 -13 1 105 1 34 -7 7 1 3 39 330 7 -13 1 105 113 -9 7 1 164 140 7 -14 1 105 129 -10 7 1 133 109 9 -14 1 105 126 -1 8 1 71 62 
-2 1 1 230 226 -2 8 1 230 238 
-3 1 1 251 264 -3 8 1 89 68 
-4 1 1 134 128 -b 8 1 155 126 
-5 1 1 401 410 -6 8 1 272 284 
-6 1 1 18 7 215 -7 8 1 8 9 119 
-7 1 1 167 191 -8 8 1 187 2 13 
-8 1 1 2 19 248 -9 8 1 7 1 60
-lu 1 1 100 93 -1 9 1 226 74 
-1 2 1 1 14 29 -2 9 1 197 208 
-2 2 1 265 237 -4 9 1 95 102 
-3 2 1 570 512 -8 9 1 95 127 
-4 2 1 261 227 -9 9 1 71 48 
H K L FO F C H K L FO FC 
-2 10 1 145 125 -3 -8 1 7 1 64 
-4 10 1 141 166 -1 -9 1 105 66 
-5 10 1 200 206 -3 -9 1 105 109 
-6 10 1 173 1 6 8 -1-1 0 1105 9 9 
-6 11 1 105 109 4 o 2 28 3 271 
-9 11 1 7 1 2 0 5 n 2 145 138 
-5 1 2 11 0b 10 3 6 0 2 214 223 
-9 12 1 10b 120 8 0 2 134 109 
-4 13 1 105 112 2 1 2 458 495 
-b 13 1 152 1 54 4 2 14 1 33
-7 13 1 105 1 17 5 1 2 176 154 
-8 13 1 7 7 6b 6 J 2 8 9 7 3 
-5 14 1 10b 117 8 ] 2 173 ] 51 
-7 1 4 1105 1 19 4 2 2 349 34 9 _ ,) 0 1 4 24 351 5 2 2 226 217 
-3 0 1 245 228 6 2 2 207 220 
-5 0 1 485 533 7 2 2 2 19 215 
-6 0 1 286 2 99 2 3 2 16 1 44 
-7 0 1 22 8 228 3 2 55 30 
-8 0 I 16 1 38 4 3 2 47 1 501 
-10 0 1 105 76 5 3 2 358 3^2 
-2 -1 1 126 145 6 3 2 219 2 13 
-3 -1 1 390 4 52 7 3 2 2 3 0 232 
-4 -1 1 19 7 228 8 3 2 105 98 
-b -1 1 268 2 84 9 3 2 153 116 
-6 -1 1 14 5 17b 2 4 2 36 6 33 5 
_ 7 -1 1 126 1 03 3 4 2 173 156 
-1 -2 1 6 4 8 625 4 4 2 4 1 b 383 
-2 -2 1 152 161 b 4 2 219 225 
-3 -2 1 346 340 8 4 2 110 113 
-4 -2 1 1 3 0 139 9 4 2 114 101 
-8 -2 1 100 101 2 5 2 349 292 
-1 -3 1 32 1 3 20 3 c 2 190 181 
-2 -3 1 224 239 4 t, 2 141 9 3 
-3 -3 1 173 1 38 7 5 2 77 86 
-5 -3 1 6 3 69 2 6 2 2b9 22 1 
-6 -3 1 130 127 4 6 2 105 97 
-7 -3 1 138 136 5 6 2 152 134 
-8 -3 1 179 192 7 6 2 77 96 
-2 -4 1 249 278 2 7 2 10 5 fl 1 
-3 -4 1 8 4 87 3 7 2 184 139 
-6 -4 1 71 72 5 7 2 7  91 
-7 -4 1 176 158 4 -1 2 292 2 83 
-8 -4 1 148 132 6 -1 2 130 167 
-1 -5 1 55 58 7 -1 2 167 169 
-2 -5 1 298 327 8 -1 2 130 121 
-3 — 5 1 126 100 9 -1 2 100 95 
-7 -5 1 148 136 3 -2 2 396 351 
- 1 -6 1 179 201 5 -2 2 20 5 188 
-2 -6 1 130 129 6 -2 2 179 151 
-5 -6 1 1 00 79 7 -2 2 363 3^6 
-7 -6 1 105 109 8 -2 2 197 246 
-1 -7 1 232 2 54 9 -2 2 192 227 
-4 -7 1 105 126 10 -2 2 176 185 
-1 -8 1 14 1 45 6 -3 2 32 4 333 
-2 -b 1 145 142 6 -3 2 361 329 
TABLE 17. (CONTINUED) 
H < L FO FC 7 -3 2 3 08 274 8 -3 2 63 1 7 9 -3 2 228 26 1 1U -3 2 173 2 19 2 -4 2 55 60 6 -4 2 285 231 a -4 2 84 107 9 -4 2 130 166 10 -4 2 100 116 11 -4 2 14d 146 3 -3 2 26b 239 7 -5 2 3 15 289 1 1 -b 2 105 9 7 3 -6 134 163 9 -6 2 161 206 2 -7 2 126 123 3 -7 2 385 395 5 -7 2 148 138 2 -8 2 192 196 3 -8 2 363 3 97 5 -8 2 15b 160 8 -8 2 190 231 3 -9 2 224 265 4 -9 2 170 137 2-lo 2 110 88 4-1 J 2 207 223 10-1U 2 184 223 2-1 1 2 158 16 1 4-1 1 2 155 1^3 6-1 1 2 105 124 lu-1 1 2 190 173 4-1 2 1 14 866-12 2 158 1 3 a 
-3 1 2 4 1 6 45 6 
-4 1 ^ 592 642 
-5 1 2 155 165 
-6 1 2 344 277 
-7 1 2 190 225 
-d 1 63 1 09 
-9 1 2 170 138 
-3 tL 2 2 90 279 
-4 2 2 84 108 
-6 2 2 105 85 
-7 c 2 1 14 74 
-8 2 2 1 79 19 0 
-9 2 2 190 154 
-2 3 2 416 42 1 
-4 3 2 520 592 
-6 3 2 77 101 
-7 3 2 114 78 
-2 2 126 96 
-3 5 2 202 207 
-5 5 2 2 12 04 
-7 5 2 263 277 
-8 5 2 176 1 92 
-9 5 2 130 143 
H K L FO FC 
-10 5 2 141 131 
-2 6 2 322 279 
-3 6 2 477 5 06 
- 5 6 2 406 399 
-6 6 2 145 140 
-7 6 2 148 1 1 1 
-9 6 2 1^0 222 
-10 6 2 141 1 3^> 
-11 6 2 148 140 
-3 7 2 395 364 
-5 7 2 436 4 b t) 
-6 7 2 152 16 3 
-7 7 2 179 1 7 6 
-8 7 2 130 114 
-9 7 2 167 150 
-11 7 T 184 18 7 
-12 7 2 155 174 
-3 d 2 9 5 88 
-5 8 268 222 
-7 8 2 2 12 40 
-11 8 2 184 132 
-12 8 2 110 145 
-3 V 2 17b 156 
-7 9 2 224 2 33 
-v 9 2 105 1 ud 
_2 1 0 
> 
155 1 34 -1 1 0 2 39 25 ' -2 11 2 1 14 22
-3 11 2 22] 226 
-3 12 2 1 14 lb 
-2 4 2 141 112 
-4 
u 2 293 2 v4 
-5 4 2 212 2 l 4 
-6 4 2 105 13C 
-7 4 2 114 13(. 
-8 4 2 173 18" 
-3 0 2 89 8 3 
-4 0 2 640 736 
-5 0 2 3 99 454 
-6 2 36 1 32 b 
- 7 0 2 19 7 22b 
-8 0 2 71 65 
-2 -1 2 671 72 1 
-3 -1 2 2 3 2 19 6 
-4-1 2 495 477 
-5 -1 2 391 434 
-6 -1 2 122 •14 
-7 -1 2 130 ] ly 
-8 -1 2 141 160 
-9 -1 2 210 18b 
-2 — 2  5 05 440 
-3 -2 2 100 76 
-4 -2 2 300 237 
-7 -2 2 IOC 97 
-8 -2 2 7 1 79 
-9 -2 2 110 114 
H < L FO FC 
-3 -3 2 134 1 09 
-5 -3 2 239 285 
-7 -3 2 179 1 86 
-9 -3 2 7 7 96 
-2 -4 2 114 80 
-3 -4 2 170 1 92 
-5 -4 2 19 5 20'* 
-7 -4 2 77 88 
-2 -5 
•i 
1 7 6 1 9 5 
- 3 2 130 1 01 
-6 -5 2 152 1 24 
-2 -6 2 19Q 222 
-3-6 2 141 158 
-4 -6 2 148 1 39 
-5 -6 2 152 123 
-6 -6 2 192 1 99 
-3 -7 2 2 1 0 228 
-4 -7 2 187 1 70 
-5 -7 2 no 128 
-6 -7 2 16 1 ] 64 
-2 -8 2 110 85 
-3 -8 2 190 166 
-4 -8 2 114 93 
-2 -V 2 16 1 3b4 0 3 192 163 5 0 3 319 2 79 6 0 3 14 1 057 0 3 1 7 9 196 3 1 3 3 8 7 •^6 5 4 1 3 100 79 6 1 3 8 9 1 02 8 1 3 145 164 4 2 3 7 7 91 c. 2 3 148 1 80 6 2 3 134 12 1 7 2 3 173 1 78 3 3 3 24 7 243 5 3 3 18 7 229 6 3 3 173 209 3 4 3 44 2 460 4 4 3 190 206 5 4 3 122 200 6 4 3 105 131 3 5 3 305 3 14 4 5 3 100 121 4 -1 3 245 193 5 -1 3 134 1 3 9 6 -1 3 170 184 7 -1 3 167 198 8 -1 3 95 88 9 -1 3 100 1 08 4 -2 3 45 1 3985 -2 3 141 1 26 6 -2 3 179 160 8 -2 3 155 153 9 -2 3 134 1 14 
H K L FO FC 10 -2 3 145 145 6 -3 3 354 356 7 -3 3 257 222 8 -3 3 122 94 1 0 -3 3 20 0 244 1 1 -3 3 7  132 6 -4 3 625 5 71 7 -4 3 352 337 9-4 3 24 5 185 10 -4 3 141 12^  1 1 -4 3 7  117 3 -5 3 no 5 9 8 - 5 3 148 141 9 -5 226 200 1 1 -5 3 7  13 1 3 -6 3 1 4,3 1594 -6 3 167 170 9 -6 3 16 1 324 - 7 3 187 181 5 _ 7 3 14 5 124 4 -8 3 1 }0 149 5 -8 3 158 107 6 -8 3 130 118 9 -8 3 141 i 57 4 -9 3 7 1 025 -g 3 1 oc 10 9 9 -? i 2 0 5 22810 -9 3 105 80 3-10 3 110 108 4-10 3 105 133 5-10 3 2 1 ^  227 7-1 0 3105 120 8-] c 3 132 167 1 1- 0 3. 1 4 1 ^b 5 -11 3 ^1 2bb 7-11 3 155 156 11-11 1 8 4 12 1 7-] 2 3 114 100 
-3 0 3 5 =>2 582 — r 27 6 2bf. 
-5 3 3 13 236 
-6 0 3 3 1 5 280 
-8 •s 71 82 
-9 0 3 207 190 
-10 0 3 190 186 
-4 1 3 114 109 
-5 1 3 37 1 348
-6 1 3 24 5 210 
-7 1 3 118 118 
-8 1 3 161 128 
-9 1 3 173 150 
-] 0 1 3 1 ->b 94 
-12 1 3 118 1 1 9 
-4 2 3 3 10 2 4^ 
-5 2 3 134 163 
-6 2 3 10 5 82 
TABLE 17. (CONTINU ED) 
ri K L FO FC 
-7 2 3 202 2 16 
-8 2 3 126 112 
-3 3 3 416 387 
-6 3 3 182 157 
-7 3 3 114 100 
-9 3 3 1 34 102 
-3 4 3 3bb 323 
-5 4 3 170 1 94 
-6 4 3 lb2 128 
-7 4 3 141 132 
-3 5 j 27^  222 
-4 b 3 122 10b 
-5 b 3 130 141 
-7 b 3 84 116 
-8 b 3 155 136 
-4 6 3 2 12 40 
-5 6 3 114 90 
-6 6 3 145 122 
-7 6 3 176 135 
-8 6 3 205 225 1U 6 3 202 205 11 6 3 187 173 
-4 7 3 152 153 
-6 7 3 179 185 
-7 7 3 184 176 
-8 7 3 190 174 10 7 3 205 237 11 7 3 187 1 75 
-4 8 3 1 34 lo9 
-5 8 3 95 106 
-6 8 3 192 263 
-4 9 3 71 139 
-6 9 3 100 139 
-7 9 3 105 8 1 
-4 10 3 155 74 
-4 11 3 114 147 
-3 - 1 3 474 415 
-4 - 1 3 303 296 
-5 -1 3 110 76 
-7 - 1 3 134 1 b 1 
-8 -1 3 100 112 
-9 - 1 3 110 110 10 -1 3 114 141 
-3 -2 3 251 247 
-4 -2 3 152 133 
-5 -2 3 84 99 
-6 -2 3 130 114 
-7 -2 3 173 108 
-8 -2 3 148 126 
-3 -3 3 187 155 
-4 -3 3 205 194 
-6 -3 3 170 138 
-8 -3 3 77 82 
-4 -4 3 245 240 
-7 -4 3 110 57 
-6 -3 3 110 116 
H L FO FC 
-3 -6 3 145 9 0 
-4 -6 3 152 12 7 
-5 -6 3 158 1 5 4 
-3 -7 3 18 7 2 1 2 
-4 -7 3 1 58 13 2 
-5 -7 3 164 194 
-3 -8 3 161 154 
-4 -8 3 118 9 0 0 0 3 285 254 0 J 
c. 
3 8 7 3590 0 6 161 18b 0 0 7 63 84 0 0 8 122 135 0 0 9 477 5 03 0 0 10 195 222 0 0 1 1 2 37 249 0 0 12 152 150 0 0 14 130 132 0 0 16 1 00 90 0 1 4 335 258 0 1 5 1 18 51 0 1 6 89 84 0 1 8 7 1 83 0 1 9 2 17 215 0 1 1 1 253235 0 1 12 1 52 1 5 0 1 1 6 100 7 1 0 2 1 89 9 1 0 2 2 862 9 73 0 2 3 9 5 84 0 2 4 935 972 0 2 5 179 166 0 2 6 212 2 14 u 2 7 loo 85 0 _ 8 7 7 92 J 2 9 11 9 6 0 2 1 1 122137 0 2 12 126 1 01 0 2 13 18 7 194 0 14 7 1 86 0 2 15 1 0 0 9 0 0 3 1 4 09 316 0 3 2 616 5 34 0 3 3 286 247 0 3 4 812 789 0 3 5 118 122 0 3 6 5 15 476 0 3 9 141 166 0 3 1 3 212 236 0 3 1 5 170 205 0 3 16 100 82 0 4 2 71 8 1 0 4 3 510 402 0 4 4 367 307 0 4 5 130 146 u 4 6 5 57 542 
H K. L FO FC 0 4 8 118 84 0 4 9 8 9 77 0 4 12 16 1 37 0 4 13 138 1 3 0 0 4 15 170 193 0 b 2 5 2 3 4290 3 11 0 99 0 b 3 1^1 120 0 5 6 84 2 76 0 5 8 249 288 0 5 10 184 188 0 5 1 1 1341 19 0 5 12 9 5 88 0 6 1 167 125 0 6 2 22 1 2 17 0 6 3 148 166 0 6 4 84 74 0 6 8 224 257 0 6 9 95 89 0 6 10 19 0 170 0 6 1 1 9 5 78 0 6 13 100 99 0 7 1 197 188 0 7 3 155 140 0 7 4 155 152 0 7 5 130 142 0 7 6 16 1 49 0 7 7 ] 3 4 19 0 7 8 164 1 54 0 7 9 100 1 08 0 7 10 195 2 01 0 8 1 27 7 235 0 8 3 95 70 0 fa 4 95 101 0 ,3 6 1 3 4 127 0 8 10 1 0 0 910 1 164 124 0 9 2 9 b 8 8 0 9 3 2 14 196 0 9 4 95 93 0 9 5 138 80 0 9 6 100 77 0 9 8 100 97 0 10 2 167 155 0 10 3 195 160 0 10 4 9b 89 0 10 5 138 110 0 11 2 71 74 0 11 4 95 72 0 11 5 134 115 0 12 1 63 96 0 12 5 89 6 3 0 13 1 63 68 0 1 -3 7 7 119 0 1 -4 37 1 320 0 1 -5 3 52 70 
H K L FO FC 0 1 -7 184 170 0 1 -8 100 108 0 1 -9 427 399 ] -10 25 1 274 0 1 -11 145 157 0 1 -14 130 101 0 2 -1 7 1 61 0 2 -2 274 ? 19 0 2 -3 89 8 6 0 2 -4 4 1 4 349 0 2 -5 324 264 o 2 -6 126 131 0 2 -7 40 1 334 0 2 -8 223 2°4 0 2-12 122 1 1 8 0 3 -1 424 3 57 0 3 -2 329 290 0 3 -5 656 632 o 3 -6 217 262 0 3 -7 223 237 0 3-10 200 22b 0 3-12 126 61 0 3-14 190 187 1 3-15 100 75 0 
'X _ 
16 17^  ] 82 0 4 -1 214 218 0 4 -2 167 179 T 4 -3 2 37 243 4 -4 197 222 4 -5 619 bbb 0 4 -6 498 4 5 i 0 4 -7 134 130 0 4 -8 114 9 3 0 4-10 1 7 0 197 Q 4-11 3 9 1 ] 6 0 4 -14 192 194 0 4-1 5 170 1 7b 0 4-1 6 141 124 0 5 -2 77 73 0 5 -3 341 35^  0 - -4 1 34 83 0 5 -5 7 7 7 8 o -6 114 82 n 5-] 2 16 1 61 o 5 -14 138 137 0 5-15 100 87 0 6 -1 579 477 0 6 -2 2 32 36 0 6 -3 219 211 0 6 -6 190 216 0 6-10 158 212 0 6-11 16 1 31 0 6-12 164 196 0 6-13 9<=> 99 0 7 -1 292 325 0 7 -2 214 224 
TABLE 17. ( CONTINUED) 
H K L FO FC H K L FO FC H K L FO FC H K L F0 FC \j 7 -3 89 1 04 1 2 2 170 155 1 10 3184 193 1 -7 9164 152 u 7 - 4 89 113 1 2 3 569 562 1 10 6110 79 1 -7 11 22 1 242 u 7 -6 2 00 228 1 2 4 190 163 1 11 2 105 138 1 -7 1 2 145 117 0 7 -8 89 9 3 1 2 5 455 409 1 1 2 2 105 129 1 -8 2164 191 0 7-10 212 266 1 2 6 122 142 1 -1 4537 502 1 -8 5214 217 J 7-1 1  92 246 1 2 7 130 136 1 -1 6164 1 44 1 -8 9173 182 o 8 -1 8 9 120 1 2 8 285 34 7 1 -1 795 74 1 -8 11 145 164 0 & -2 1 3 0 110 1 2 10 152 164 1 -1 8358 413 1 -8 12100 10 9 0 8 -3 8 9 91 1 2 12 190 222 1 -1 977 88 1 -9 4141 129 J « ~4 9 5 93 1 2 14 200 243 1 -1 0442 523 1 -9 7 2 02 182 u s -6 6 3 74 1 2 16 148 176 1 -1 2179 190 1 -9 8 100 81 J e -8 164 189 1 3 2 1 34 1V 1 -1 5141 1 16 1 -9 145 158 u 8 -9 134 137 1 3 3 207 2 2 7 1 -2 3 110 106 1-10 3 145 132 •J 8-lo 95 142 1 3 4 3 58 304 1 -2 4 205 183 1-10 5 148 167 J b-1 1 133144 1 3 5 335 3 39 1 -2 5 292 293 1-10 6 105 96 J 9 -2 134 114 1 3 6 205 198 ] -2 6 374 431 ] -10 7 182 171 u y -3 95 64 1 3 8 268 3 00 1 -2 8 322 329 1-10 8 143 11 9 u 9 - 3 71 83 1 3 9 lo2 154 1 -2 9 24 3 239 1-11 5 184 174 o 9 -6 167 16 1 1 3 10 202 223 1 — 2 10 1141 54 1-11 6 152 149 J 9 - 7 138 158 1 3 13 173 163 1 -3 2212 241 1-11 7 152 129 9 -8 100 110 1 3 14 203 2 14 1 - 3 3 28 3 229 1-11 8 i 3 5 106 0 9 -9 9 5 94 1 3 16 1P2 142 1 -3 4465 493 1-12 3 105 107 10 -2 95 5 0 1 4 3 3 46 256 1 -3 6643 674 1-13 3 105 101 
'J 1 J -5 167 148 1 4 4 3 58 2 ••) 2 1 -3 7161 174 1 0 -5245 273 u 10 -6 16 7 186 1 4 164 158 1 -3 8 3 1 0 321 1 0 -6148 187 w 1 0 -7170 190 1 4 A, 118 10V 1 -3 11 173 169 1 0 -8354 396 11 -4 138 12 1 1 4 7 173 15 7 1 -3 15 145 108 1 0 -9152 160 u 11 -5 167 146 1 4 9 8 9 67 1 -4 2173 180 1 0-1 0 313 329 J 11 -b 71 35 1 4 J 0 2 12 59 1 -4 53 1 6 10 1 o-11 170 175 0 11 -7 134 129 1 4 1 1 138122 1 -4 5 274 258 1 o-15 141 158 12 -1 1 3 4 114 1 4 12 224 225 1 -4 6367 3 8 4 1 1 -8 395 436 0 12 - j 9 5 81 1 4 1 3 loo 127 1 -4 7170 185 1 1 -9 77 81 u 12 -4 95 69 1 5 -a 428 341 1 -4 92 1 9 206 1 1-1 0 161 141 0 13 -1 118 108 1 5 7 158 15° 1 -4 11 2 37 236 1 1- 1 148122 u 13 -3 8 4 97 1 5 9 9 5 110 1 -4 13 7 1 03 1 2 -  341 348 1 0 4 89 120 1 5 10 195 171 1 -4 1 5 20  2 11 1 2-1 5 14  176 1 j 5 253 246 1 5 12 179 189 1 -5 229C 248 1 2-17 1 0 0 138 1 0 6 442 453 1 6 3 182 177 1 -5 442 1 4 18 1 3 -2 170 184 1 c 7 118 76 1 6 4 226 228 1 -5 207 190 1 3 -4 429 495 1 u 6 261 270 1 6 7 217 87 1 -5 6310 297 1 3 -5 158 165 1 j 9 2 7 9 277 1 6 8 138 134 1 -5 9173 150 1 3 -6 489 575 1 0 1-485 52 9 1 6 9 173 196 1 -5 13 100 92 1 3-15 145 165 1 G 1 1 122 9 9 1 6 12 105 105 1 -5 1  105 122 1 3-16 182 175 1 u 12 202 228 1 7 2 134 123 1 -6 2412 371 1 4 -2 77 59 1 0 lb 145 146 1 7 4 138 134 1 -6 3 167 174 1 4 - 293 272 1 1 3 297 180 1 7 5 138 132 1 -6 4145 133 1 4 -5173 156 1 1 4 2 79 245 1 7 7 173 174 1 -6 7 173 146 1 4 -6 195 183 1 1 105 9 2 1 7 8 100 135 1 -6 11 1921 86 1 4 -7141 148 1 1 6 440 417 1 8 2 200 206 1 -6 12 100 108 1 5 -2 407 396 1_ 1 7 141 156 1 8 4 100 101 1 -6 13 100 106 1 5 -4235 242 1 1 8 2 00 214 1 8 5 179 192 1 -7 2400 365 1 5 - 118 104 1 1 9 224 240 1 8 7 179 166 1 -7 3 179 174 1 5 -6 148 151 1 1 lo 118 142 1 9 2 105 1 09 1 -7 4126 101 1 5 -8155 136 1 1 12 226 243 1 9 3 148 146 1 -7 5257 255 1 5-13 141 181 1 1 13 95 88 1 9 4 148 142 .1 -7 7 228 206 1 5-14 105 97 1 1 16 77 95 1 9 5 105 13 1 1 -7 8 134 109 1 6 -2 397 344 
TABLE 17. (CONTINUED) 
K L FO FC H K L FO FC H K L FO FC H K L FO FC 6 -3 1 bb 163 -3-12 95 1 09 2 1 7 618 5 30 2 -1 10 84 93 6 -5 155 144 -3-13 100 92 2 1 8 173 167 2 -1 11 192 265 6 -6 89 98 -3-14 226 250 2 1 9 25 7 271 2 -1 13 95 126 6 - / 95 74 -4 -2 118 120 2 1 10 148 121 2 -1 14 141 117 6 -8 134 11 1 -4 -3 542 5 3'7 2 1 1 1 89 121 2 -1 16 110 114 6 -9 190 198 -4 -5 4 14 78 2 1 16 114 125 2 -2 5 182 204 6 -1 u 274 311 -4 -6 156 130 2 2 4 527 497 2 -2 6 184 157 6 -1 ] 141 1 00 -4 -7 182 167 2 2 5 134 140 2 -2 7 173 204 7 -3 1 64 150 -4 -9 148 132 2 2 6 322 305 2 -2 8 141 165 7 -4 164 178 -4-10 158 154 2 2 7 134 139 2 -2 9 341 348 7 -5 134 116 -4-12 138 134 2 2 9 272 277 2 -2 11 122 153 7 -6 9 5 1 16 -4-14 179 2 04 2 2 10 89 105 2 -2 12 158 182 7 -8 170 153 -5 — 2 110102 2 2 11 95 124 2 -2 13 134 142 7 -9 1 7 3 159 -5 -3 155 124 2 2 15 110 103 2 -2 14 141 159 i 
-1 U 226 213 -5 -4 161 146 2 4 36 1 3 83 2 -2 ] 5 105 86 I 
-12 148 1 75 -5 -5 412 43 7 2 3 6 2 55 251 2 -3 4 378 333 8 — 2 200195 -5 -7 3 8 7 349 2 3 8 89 82 2 -3 5 134 98 a -3 100 68 -5 -3 89 93 2 3 10 134 121 2 -3 6 105 77 a -4 224 236 -6 -2 145 116 2 3 1 1 33 322 2 -3 7 339 365 8 — & 1 0 0 98 -6 -3 173 142 2 3 12 105 75 2 -3 8 7 1 79 8 -8 100 132 -6 -7 277 270 2 4 3 179 175 2 -3 9 155 185 8 -9 105 86 -6 -9 367 354 2 4 4 118 96 2 -3 12 130 159 8 - l o 71 97 -6-10 100 83 2 4 5 84 72 2 -3 13 167 190 9 -2 105 110 -7 -2 89 69 2 4 6 28 3 275 2 -3 1 6 15 138 9 -4 207 193 -7 - 3 130 9 0 2 4 7 205 203 2 -4 3 26 1 2509 -6 I7y 205 -7 -4 184 159 2 4 8 164 1 32 2 -4 4 288 260 9 -7 105 114 - 7 -5 19U loO 2 4 11 132 186 2 -4 5 632 630 9 -b 148 122 -7 -7 167 179 2 4 13 110 131 2 -4 6 138 138 lu - /+ 105 112 -7 -6 KI 148 2 5 4 26 1 267 2 -4 7 365 456 lu -6 152 183 -7 -9 38 7 35 1 2 5 6 167 168 2 -4 10 170 198 1 3 - lu7 7 85 -7-1 1 145 113 2 5 7 7 1 40 2 -4 12 9 5 1 14 
-1 - b 335 355 -8 -2 167 145 2 5 8 202 226 2 -4 14 145 136 
-1 -6 1 76 183 -8 -5 170 138 2 5 9 105 64 2 -4 16 110 145 
-1 -8 1 U5 91 -8 -9 I 79 164 2 5 10 105 100 2 -5 3 257 239 
-1 -9 155 13] -8-11 105 144 2 5 13 1 1 4 33 2 -5 4 10 0 112 
- 1 - l o 366 32 8 -9 -2 176 177 2 6 4 141 132 2 -5 5 46 0 465 
-1 -11 6 3 6 9 -9 -7 1 05 9 4 2 6 5 145 108 2 -5 6 1 in 105 
- 1 -2 155 1 5 2 -9-1 1 152 8 3 2 6 6 105 109 2 -5 7 16 1 214
-1 -1 2 141 Ufa -9-13 1 48 124 2 6 7 105 82 2 -5 8 84 113 
-2 -3 47 3 53 5 - lu -2 182 146 2 6 10 110 96 2 -5 10 179 194 
-2 -u 126 140 -10 -3 148 132 2 7 3 77 50 2 -5 13 100 86 -2 
-6 134 114 -lu -4 237 2 1 7 2 7 6 245 244 2 -5 14 14 1 22
-2 -7 2 14 245 -10 -9 105 33 2 7 8 114 102 2 -6 3 394 368 
-2 -9 77 6 1 -10-13 145 120 2 7 9 84 71 2 -6 4 195 223 
-2 -1 J 167 155 -11 -4 152 136 2 7 10 114 101 2 -6 5 164 176 
-2 -12 184 170 2 0 5 190 200 2 8 3 158 121 2 -6 8 89 101 
-2 -14 141 100 2 0 6 268 240 2 8 4 114 121 2 -6 9 130 135 
-3 -2 155 130 2 0 7 469 43 3 2 8 6 230 233 2 -6 12 145 109 
-3 -3 585 591 2 0 8 230 22 7 2 8 8 164 130 2 -6 13 148 139 
-3 
u 
130 102 2 0 10 145 116 2 9 4 118 144 2 -7 3 217 226 
-3 _ u 485 520 2 0 1 1 277 242 2 9 6 118 123 2 -7 5 89 103 
- 5 -6 1 9G 182 2 u 12 63 82 2 -1 5 574 625 2 -7 6 207 229 
-3 - /' 170 1 7 5 2 0 16 155 153 2 -1 6 100 108 2 -7 8 71 75 
-3 -b 138 1 J9 2 1 4 122 138 2 -1 7 110 120 2 -7 9 100 71 
-3 -9 145 146 2 1 5 45 58 2 -1 8 141 126 2 -7 10 226 228 
-3 -lu 152 148 2 1 6 63 25 2 -1 9 24 1 239 2 -7 1 1 105 126 
84 
T A B L E 1 7 . ( C O N T I N U E D ) 
11 K L F O F C H K L F O F C 
2 - 7 1 2 1 4 8 1 5 0 <L 7 - 6 1 4 8 1 2 1 
2 - 8 3 1 3 8 1 4 5 2 7 - 8 7 7 8 6 
2 - 8 6 1 4 1 1 4 8 <L 7 - 9 1 1 0 6 0 
2 - 8 9 1 0 5 ] 0 3 2 8 - 3 2 4 7 2 4 , 
2 - 8 1 0 1 5 2 1 5 7 2 8 - 4 1 9 0 1 7 6 
2 - 8 1 1 1 1 0 1 0 0 2 8 - 5 1 5 5 1 3 5 
2 - 8 1 2 1 1 0 1 0 9 2 3 - 8 1 1 4 8 3 
2 - 9 4 1 8 2 1 5 3 2 9 _ 5 1 1 4 9 4 
2 - 9 d 1 1 0 9 9 2 9 — 5 1 1 4 6 6 
2 - 9 1 1 0 1 1 2 2 - 1 - 5 2 7 9 3 2 5 
2 — 1 0 6 1 >U 1 6 / 2 - 1 - 6 1 4 8 1 3 1 
2 - 1 0 8 1 1 4 9 1 2 - 1 - 7 •J5 1 0 2 
2 — 1 J t; 1 0 4 1 7 8 £. - 1 - 8 1 0 0 6 9 
2 - 1 1 1 6 7 1 2 0 2 - i - 9 3 4 6 3 7 1 
2 - 1 1 8 1 1 8 9 5 2 - 1 - 1 0 1 8 7 2 3 4 
2 0 2 2 8 2 4 3 2 - 1 - 1 1 2 4 9 2 6 6 
2 0 - 7 2 9 7 2 7 4 <L - 1 - 1 4 1 0 0 b 4 
2 u — 8 1 0 5 1 2 1 2 - 2 - 6 2 4 5 2 0 4 
2 u - 9 3 8 7 3 6 9 - 2 - 3 2 9 0 2 4 5 
2 j - l o 3 1 9 3 3 2 C. - 2 - 1 1 2 1 9 2 3 2 
<i 0 - 1 2 1 3 0 1 1 8 2 - 2 - 1 3 1 4 1 1 3 3 
2 1 4 1 0 0 1 0 3 2 - 3 - 4 4 6 7 4 1 2 
1 - v 2 5 1 2 2 9 I - 3 - 5 2 7 9 2 7 6 
2 1 - 1 4 1 3 6 1 1 5 2 - 3 - 6 1 1 8 1 1 3 
2 2 - 4 2 5 3 2 3 9 2 - 3 - 8 3 5 2 2 9 8 
2 2 - d 1 3 4 1 3 8 2 - \ - 9 1 6 7 1 8 4 
2 2 - 1 3 1 5 2 1 2 3 2 - 3 - 1 3 1 7 6 1 8 4 
2 3 - i 3 7 9 3 6 4 2 - 3 - 1 4 1 4 8 1 3 8 
2 3 - 4 3 0 3 2 4 2 2 - 3 - 1 5 1 0 5 1 1 4 
2 3 - 5 4 2 3 4 2 1 2 - 4 - 3 8 4 9 6 
2 3 - 6 3 4 1 3 3 0 2 — 4 - 4 7 2 5 6 7 0 
2 3 - l u 1 2 6 1 9 1 2 - 4 - 5 1 5 8 1 6 8 
2 4 - 3 3 8 7 3 5 9 2 - 4 - 6 1 3 0 1 1 0 
2 4 - 4 3 4 9 3 1 8 2 - 4 - 9 1 7 9 2 0 1 
2 4 - b 1 4 1 1 0 6 2 - 4 - 1 0 9 5 1 0 9 
2 4 - 5 1 1 8 1 1 9 2 - 4 - 1 3 1 8 2 2 1 « 
2 4 - 7 1 9 2 2 0 6 2 - 4 - I t 1 1 0 8 8 
2 4 - 1 2 1 4 5 1 3 8 2 - 4 - 1 5 1 5 8 1 3 o 
2 4 - 1 3 1 4 8 1 1 0 2 - 5 - 3 1 0 0 1 1 6 
2 4 - 1 5 1 1 4 1 1 4 2 - 5 - 4 3 4 1 3 5 5 
2 - 3 2 4 5 2 2 3 2 - 5 - 5 5 5 8 6 
3 
— 4 1 5 2 1 4 2 T C - 5 - 6 2 3 2 2 4 0 
2 b - 5 1 2 6 8 2 2 — b - 7 1 2 2 l U a 
2 b - 6 8 9 4 7 ^ - 5 - 1 0 1 7 0 1 6 8 
2 5 - 7 2 6 5 2 6 6 2 - 6 - 3 1 9 0 2 0 9 
2 5 - 6 1 9 0 1 7 5 2 - 6 - 6 2 5 9 2 8 4 
- 9 1 9 5 1 8 8 2 - 6 - d 1 6 7 1 7 2 
2 5 - 5 1 9 5 1 7 9 2 - 6 - 9 l o o 1 1 2 
2 6 - 6 1 9 7 1 6 5 2 - 7 - 3 1 8 4 1 6 7 
2 6 - 7 1 4 1 1 2 7 2 - 7 - 4 1 3 4 1 3 6 
2 6 - b 7 1 5 7 2 - 7 - 6 1 0 0 1 1 2 
2 6 - 9 1 7 9 1 6 9 2 - 7 - 8 2 9 2 3 1 3 
2 6 - 1 1 1 8 7 1 9 7 2 - 7 - 9 1 0 5 1 2 7 
2 7 - 3 2 5 3 2 3 7 2 - 7 - 1 0 1 8 7 1 9 9 
2 7 - 4 2 0 7 1 8 0 2 - 8 - 8 2 6 6 2 7 0 
2 7 - 5 1 4 8 1 0 9 2 - 8 - 1 0 1 5 8 1 7 0 
H K L F O F C H K. L F O F C 
2 - 9 - 3 1 5 2 1 5 7 3 5 - 7 3 0 7 2 4 1 
2 - 1 0 - 3 2 2 8 2 4 1 3 5 - 8 1 9 7 1 6 2 
2 - 1 0 2 0 0 1 4 9 3 5 - 9 1 4 5 1 2 6 
2 - l O - 1 2 1 7 0 1 5 4 3 5 - 1 0 1 4 1 7 5 
2 - l l - 3 2 0 5 1 6 7 3 6 - 4 2 0 0 1 3 1 
••> — 1 1 - 5 1 6 7 1 5 1 3 6 - 5 2 2 8 1 3 8 
2 - 1 1 - 1 2 1 2 2 1 0 5 3 7 - 4 2 1 7 1 6 9 
3 0 6 2 5 3 3 3 0 3 7 - 5 2 1 9 1 5 6 
3 0 8 2 8 5 3 7 3 3 7 - 7 1 5 8 1 1 3 
3 0 9 7 7 1 4 5 3 7 - 9 1 6 1 9 4 
3 1 4 2 1 2 2 4 2 3 8 — u 1 6 4 8 2 
5 1 6 2 9 0 3 5 4 3 - 1 - 7 1 4 1 1 0 6 
3 1 7 1 0 0 1 2 3 3 - 1 - 8 2 7 4 2 3 1 
3 1 8 5 2 3 5 1 1 3 - 1 - 9 2 9 8 2 4 9 
3 2 4 2 3 9 2 3 8 3 - 1 - 1 0 1 8 4 1 5 5 
3 2 5 2 6 3 2 6 2 3 - 1 - 1 1 1 9 7 2 2 8 
3 2 6 1 6 7 2 0 3 3 - 2 - 6 1 1 0 1 1 2 
3 3 4 1 6 7 2 0 1 3 - 2 - 7 2 5 1 2 5 1 
3 3 5 1 7 6 1 9 2 3 - 2 - 8 1 4 5 9 9 
3 3 7 1 7 6 2 1 1 3 - 2 - 9 2 4 7 1 8 2 
3 3 8 1 3 0 1 7 9 3 - 2 - 1 0 2 6 5 2 4 0 
3 3 1 0 1 9 5 2 6 3 3 - 2 - 1 1 1 2 6 1 2 1 
3 4 4 1 2 2 1 3 0 3 - 2 - 1 2 2 1 0 2 1 2 
3 4 7 1 9 2 2 0 6 3 - 3 - 5 1 5 2 1 4 3 
3 5 4 9 5 1 0 2 3 - 3 - 6 1 2 2 9 8 
3 5 5 1 4 1 1 4 6 3 - 3 - 7 2 6 8 2 7 2 
3 6 4 1 4 8 1 5 3 3 - 3 - 8 1 0 5 1 2 8 
3 6 c, 2 3 9 2 2 1 3 - 3 - 1 0 1 2 2 1 1 0 
3 6 7 1 5 5 1 6 4 3 - 3 - 1 2 2 1 4 2 1 3 
3 7 5 1 6 1 1 7 3 3 - 3 - 1 3 1 4 1 ] 3 4 
3 7 7 2 3 2 2 5 3 3 - 3 - 1 5 1 1 0 1 0 3 
3 8 7 1 7 3 1 8 1 3 - 4 - 4 1 0 0 8 1 
3 - 1 6 1 6 1 2 3 9 3 - 4 - 5 2 3 7 2 8 7 
3 0 - 7 1 4 5 1 3 7 3 - 4 - 6 ] 5 5 1 6 8 
3 0 - 8 3 5 8 3 3 4 3 - 4 - 8 8 4 1 0 2 
3 0 - 9 2 4 5 2 5 2 3 - 4 - 1 2 1 4 1 1 2 2 
3 0 - 1 1 1 9 7 1 7 0 3 - 4 - 1 3 1 4 8 1 3 6 
3 0 - 1 2 2 9 3 2 7 5 3 - 4 - 1 4 1 5 5 1 5 6 
3 1 - 6 2 3 5 2 6 6 3 - 4 - 1 5 1 5 8 1 5 5 
3 1 - 1 4 2 0 7 1 4 3 3 - 5 - 4 1 4 8 1 3 6 
3 2 - 4 7 7 2 9 3 - 5 - 5 3 1 9 4 1 9 
3 2 - 5 2 7 6 2 6 1 3 - 5 - 7 1 1 8 1 1 8 
3 2 - 8 1 1 0 1 1 7 3 - 5 - 1 0 1 3 8 1 0 6 
3 2 - 9 1 6 7 1 0 8 3 - 5 - 1 4 1 5 8 1 7 4 
3 2 - 1 0 1 7 6 1 6 3 3 - 6 - 7 1 8 2 1 8 7 
3 2 - 1 1 2 0 7 1 8 9 3 - 7 - 4 2 0 0 2 1 6 
3 2 - 1 2 2 1 7 1 2 3 3 - 7 - 7 1 9 7 2 0 5 
3 3 - 4 2 1 4 2 0 5 3 - 7 - 9 1 4 8 1 4 0 
3 3 - 5 3 2 2 2 7 6 3 - 8 - 4 2 2 1 2 1 9 
3 3 - 6 1 7 3 1 7 2 3 - 8 - 6 1 4 5 1 4 3 
3 4 - 6 3 3 2 2 8 8 3 - 8 - 7 1 4 8 1 4 5 
3 4 - 7 2 8 1 2 2 3 3 - 8 - 9 2 2 1 2 2 5 
3 4 - 8 2 9 0 2 5 5 3 - 9 - 6 1 5 5 1 8 3 
3 4 - 1 3 1 4 1 9 6 3 - - 1 1 - 4 1 7 0 2 0 2 
3 5 - 5 1 8 4 1 3 3 
3 5 - 6 2 1 2 2 0 7 
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Table 
18. Structure Parameters 
for Ni(DPP)3I2 
Atom X y z B,A2 
Ni 0 o359(2) 0.043(1) 0.224(1) 2.6(3) 
h 0 .289(1) 0.152(1) 0.106(1) 5.2(3) h 0 .187(1) 0.896(1) 0,324(1) 4.0(2) 
Pl 0 .311(4) 0,879(2) 0,122(2) 2.8(6) 
P2 0 .394(4) 0.218(2) 0.319(2) 2.4(5) 
P3 0 .573(4) 0,111(3) 0.198(2) 3.4(7) 
Qualitative Correlation Diagrams 
Qualitative energy level diagrams for d -configurations with n equal 
to seven, eight and nine have been constructed for the and D ^ symme­
tries. These were constructed as outlined in Chapter III. 
The correlation diagrams for d are illustrated in Figures 18 and 
19. It is possible to predict that for a D ^ symmetry there should be 
2 2 
two transitions which are spin allowed and involve one electron ( A| • E 1 
2 2 * 
and Aj > E") . From the character table for one finds that the 
z axis belongs to the A^ ' representation and the x, y axes to the E ! repre­
sentation. The transformation properties of the dipole moment integrand 
for each of these transitions are presented in Table 20. 
* 
Hole formalism used in all correlation diagrams. 
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TAuLE 19. OtiSERVtD AND CALCULATED STRUCTURE FACTORS FOR NI(DPP)3I2 
H K L FO FC hi K L FO FC H K L FO FC H K L FO FC 2 u 19b 217 2 5 0 78 63 -8 3 0 26 32 -5 9 0 49 45 3 0 u 39 52 6 5 0 86 67 — 9 3 0 109 120 -3 10 0 b2 49 4 0 0 40 28 8 5 0 6 9 45 -10 3 0 42 40 -5 10 0 b 1 48 6 0 U 77 70 1 6 0 93 6 1 -1 4 0 102 112 -6 10 0 3 0 19 8 0 u 63 58 3 6 0 20 10 -2 4 0 73 69 -7 1 o 0 30 36 9 0 u 42 30 4 6 0 88 52 -3 4 0 12 3 126 -8 10 0 42 47 lu 0 J 32 38 6 6 0 69 51 -4 4 0 77 66 -3 11 0 30 42 1 1 u u 32 22 8 6 0 30 12 -7 4 0 93 93 -5 11 0 30 35 2 1 u 118 1 06 1 7 0 110 9 2 -8 4 0 58 61 -6 11 0 42 37 3  u 44 33 3 7 0 30 19 -9 4 0 62 88 -7 11 0 3 0 35 4 1 137 125 4 7 0 61 40 -10 4 0 41 3 9 -8 11 0 53 55 6 1 u 81 5 3 6 7 0 22 18 -11 4 0 44 46 -4 12 0 44 52 7 1 u 62 43 0 8 0 23 2 3 -13 4 0 22 4 -4 1 3 0 30 37 8 1 71 65 1 8 0 84 78 -1 b 0 46 37 -6 13 c 44 41 9 I U 42 39 4 8 0 32 2 1 -2 5 0 83 85 -4 14 0 30 20 1 u 32 16 5 8 0 30 16 -3 b 0 175 131 -6 14 0 42 41 11 1 u 22 16 0 9 0 30 3 2 -4 5 0 98 91 -8 14 0 30 31 u 2 o 76 67 3 9 0 30 17 -5 5 0 80 34 0 0 3 52 41 1 2 u 87 74 5 9 0 42 2 9 -6 5 0 47 61 0 0 4 77 49 2 2 u 123 114 3 1 0 52 4 8 -8 5 0 53 55 0 0 b 212 188 J 2 42 23 5 10 u 3 9 22 -9 5 0 48 25 0 Ij 6 44 54 2 174 206 1 11 0 44 5 0 -10 5 0 3 0 30 0 0 7 62 77 3 2 u 26 15 3 1 1 0 4 9 41 -11 3 0 3 0 37 0 0 8 67 71 6 2 u 89 80 1 12 0 6 1 38 -13 5 0 45 21 o 0 9 267 224 7 2 u 40 23 3 12 0 24 1 7 -1 6 0 79 84 0 0 10 126 101 9 •j 32 6 1 13 0 50 21 -2 6 0 69 4 3 0 11 65 71 u 3 132 152 -2 1 0 141 151 -3 6 0 120 141 n 0 14 66 61 1 3 u lul 87 -4 1 0 59 8 1 -5 6 0 142 1 7 3 ] 2 2 1 2 1782 3 u 1 bb 143 -5 1 0 9 5 9 6 -6 6 0 35 36 0 1 3 30 25 4  139 121 -6 1 u 33 41 -7 6 0 68 77 0 1 5 160 146 i 26 21 -7 1 0 92 8 1 -1 7 0 93 106 0 1 8 22 30 6 3 ^ 4 9 40 -11 1 0 4 5 3 9 -2 7 0 83 69 0 1 9 173 157 0 3 u 61 5 1 -13 1 u 3 2 17 -3 7 0 4 5 37 0 1 10 51 61 9 3 u 32 26 -2 2 0 255 2 36 -b 7 0 128 141 0 1 11 9 3 119 10 3 u 22 12 - i 2 0 71 74 -7 7 0 11 8 121 0 1 12 4 0 37 u 4 u 136 151 -4 2 0 108 112 -8 7 0 39 52 0 1 14 52 4 5 1 4 0 102 87 -5 2 0 8 1 90 -9 7 0 5 0 45 0 1 1 6 32 26 2 4 u 132 155 -6 2 0 32 3 9 -12 7 c 22 21 0 2 2 410 433 3 4 J 6 3 5 1 -7 2 0 89 102 -1 8 0 9 4 95 0 2 3 113 101 4 4 J 81 59 -9 2 0 70 6 1 -3 8 0 82 75 0 2 4 339 300 6 4 u 51 36 -10 2 0 30 30 -4 8 0 47 32 0 2 b 28 21 7 4 0 22 24 -11 2 0 32 26 -5 8 0 26 20 0 2 6 30 25 6 4 u 9 3 81 -13 2 0 32 29 -7 8 0 79 73 0 2 7 114 96 9 4 u 32 24 -1 3 0 87 1 1 b -9 8 0 41 41 0 2 8 54 58 lu 4 u 30 23 -4 3 0 59 b5 -12 8 0 44 50 0 2 10 26 24 0 0 93 65 -6 3 0 22 34 -1 9 0 59 63 0 2 1 87 98 1 5 0 50 39 -7 3 0 95 127 -3 9 0 8 7 89 0 2 12 70 69 
TABLE 19. (CONTINUED) 
H K L FO FC H K L FO FC u 2 13 30 36 U 7 2 28 42 u 3 1 69 85 0 7 3 4 0 41 U 3 2 292 28b 0 7 4 1 14 13 3 4 33b 315 0 7 8 85 99 0 3 b 111 100 u 7 10 53 53 u 3 6 104 109 0 7 12 22 2 5 (J 3 7 109 85 0 7 13 32 34 0 3 9 6b 75 0 a 1 71 74 V. 3 11 28 43 0 8 2 30 39 o 3 12 31 42 0 8 4 73 91 3 13 73 79 0 8 5 22 35 (J 14 32 38 0 8 6 30 35 u 3 lb 100 47 0 8 7 30 35 o 1 44 45 0 8 8 44 42 u 2 70 70 0 8 1U 44 34 u 3 102 112 0 8 13 30 30 0 4 4 262 210 0 9 1 67 70 u 4 b 48 48 0 9 2 30 28 J 4 6 167 171 0 9 3 53 53 J 4 9 87 89 0 9 5 22 29 J 4 12 22 20 0 9 6 61 55 0 4 13 7b 83 0 9 10 22 1 5 0 4 14 44 42 0 10 1 30 39 u 4 1 5 4b 58 0 10 3 69 7 2 u b 2 2 12 189 0 10 5 22 16 G 5 3 17 3 0 10 6 30 33 J b 4 72 70 0 lu 8 30 29 u b 6 146 136 0 11 3 53 45 0 5 7 48 52 0 11 5 20 23 u 5 8 56 56 0 11 8 28 22 b 9 50 48 0 12 U 20 2 1 U b lu 66 6 1 0 12 1 30 3 0 U b 11 42 48 0 12 5 20 2 5 J b 12 44 41 0 13 1 26 26 b 13 3 2 32 0 1 -2 150 124 0 b lb 32 32 0 1 -3 8 9 98 o b 16 22 17 0 1 -4 177 133 o 6 2 132 156 0 1 -5 69 79 0 6 4 26 22 0 1 -7 167 145 u 6 6 6 9 72 0 1 -8 55 61 u 6 7 40 53 0 1 -9 159 140 0 6 8 77 84 0 1 -10 61 68 u 6 lu­ 42 38 0 1 -12 55 36 0 6 ll 62 53 0 1 -16 22 32 0 6 12 32 3 2 0 2 -4 110 120 0 6 lb 22 10 0 2 -5 157 165 u 7 1 39 32 0 2 -6 45 42 




Table 20. Transformation Properties of the Dipole Moment Integrand, iji^q.^' 





X A" A2 X E' E" No, forbidden 
r[i/(x,yH] A ' Al X 
E* X E* Ai + A^  + E' Yes , alowed 2A' -
Al r[^'(z)^] A' Al X 
A" A2 X E" E' No, forbidden 
r[^ '(x,y)^ ] A ' Al X 
E' X E" AJ + A2? + E" No, forbidden 
Since the A^  representation is present for the transition A^  —•> E' 
along the (x, y) axis, it folows that this transition is alowed by the 
symmetry of the purely electronic wave functions. The other transitions 
are vibronically alowed and whatever intensity they have must be attri­
buted to vibronic interaction. 
Transitions will be alowed only for certain orientations of the 
electric vector of the incident light; Table 21 is a tabulation of the 
polarizations (reference will normaly be made to either parallel (||) 
or perpendicular (J_) to the principal axis (z) of the point group) . 
Table 21. Polarization of Incident Radiation 
Predicted Pol. with respect transition z (x.v) to principal axis forbidden alowed 1 2 2 V • E" forbidden forbidden -
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Three transitions are predicted from the correlation diagram (Fig-
9 
ure 19) for a d configuration in a environment', these are listed in 
Table 22. 
Table 22. Predicted Transitions for a d Configuration 
in a C, Environment 4v 
Predicted Mechanism of 
transitions transition Polarization 
2 2 B^ • vibronic 
2 2 
B^ • B^ vibronic 
2 2 
B^ »• E electronic (x,y) J_ 
Polarization with respect to principal axis (z) 
Correlations diagrams have also been constructed for d and d in 
D.^ a nd environments (the ordering of levels is based on a strong 
field model since the cobalt and nickel complexes of interest are low-
spin) . Figures 20 and 21 show, respectively, the splitting of the singlet 
g 
states for a d configuration in and environments. Figure 22 
and 23 illustrate the doublet states arising from a d^  configuration in 
D„n and C. environments. 3h 4v 
g 
Table 23 is a tabulation of the predicted transitions for the d 
and dJ configurations in the two symmetries. 
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Figure 20. Correlation Diagram for a d Configuration in a D~ Symmetry 
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Free Weak ^ Strong Inf. strong 
ion interaction interaction interaction 
Figure 21. Correlation Diagram for a d 8 Configuration in a C 4 v Symmetry 
9k 
Free Weak Strong inf. strong 
ion interaction interaction interaction 




Strong Inf. strong 
interaction interaction 
Figure 23. Correlation Diagram for a d 7 Configuration in a C 4 v Symmetry 
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8 7 Table 23. Predicted Transitions for d and d Configurations in a Five-Coordinate Symmetry 
Predicted 
Configuration Symmetry Multiplicity transition Mechanism Polarization D3h 1 A' • E' elect. 
Ai —+ E" vib. C4v 1 Al vib. 
Al — A2 vib 
Al 
—- E elect. 
3h E* > A2' elect 
E' y A2' vib, 
E' • A2' vib. 
E* • A1^ vib. 
E* > A£ vib. 
C, 2 A, • B0 vib. 
4v 1 2 
A^  > A2 vib . 
A^  > A2 vib . 
A^  y E elect 
A1 • B vib. 
1 
d7 D_ 2 E' y E' vib. 
E' —> A' elect. ]_ 
E' • E" elect. | | ,J_ 
E' • EM elect. | | ,J_ 
1 • E elect. J_ 
A1 • E elect. ]_ 
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CHAPTER VII 
RESULTS AND DISCUSSION 
Structure 
Tris(Pyridine N-Oxide)Cobalt(II) Halides 
Previous reports of tris(pyridine N-oxide)cobalt(II) halides either 
did not attempt to assign a structure (113) or assigned a tentative struc­
ture based on very limited data (114). Quagliano and co-workers (113) 
indicate that the chloride complex has an infrared absorption at 1220 cm ^  
which appears to be a characteristic frequency of the N-0 group in com­
plexes containing only pyridine N-oxide in the first coordination sphere 
of the central ion. They also report that the complex has a low con-
-1 2 -1 
ductivity (30*2 ohm cm mole ) in dimethylformamide, which suggests 
that some chloride coordination persists even at the dilution used for 
the conductivity measurements. Issleib and Kreibick (114) report the 
bromide to have an apparent molecular weight of 247 (calculated = 504) in 
-1 2 -1 
phenol and a conductivity of 19 to 29 ohm cm mole depending on the 
concentration in acetonitrile. They have taken these data, along with 
the magnetic moment of 4.67 B.M, and the green color of the complex, as 
evidence for a tetrahedral structure. They have formulated the complex 
as [Co(pyridine N-oxide)^Br]Br. 
The mull spectra (Figure 3) of the tris(pyridine N-oxide)cobalt(II) 
chloride and bromide were found to be almost identical with those of the 
corresponding tetrahalocobaltate(II) anions (Table 14). There are 
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variations in the relative intensities of the spectral bands of the bro­
mide complex as compared with the tetrabromocobaltate(II) anion. How­
ever, the same type of variations were reported for the tetrachloro-
cobaltate(II) anion with different cations in crystal spectra (127). 
The spectral results suggest that the solid contains the tetra-
chlorocobaltate(II) anion and that the compound should be formulated as 
the mixed complex, [Co(pyridine N-oxide)^][CoX^]. In order to substan­
tiate such a possibility, cadmium was substituted for the tetrahedral 
cobalt to give [Co(pyridine N-oxide)^][CdX^]. 
X-ray powder patterns (Table 10) for the tris(pyridine N-oxide) 
cobalt(II) bromide and for the hexakis(pyridine N-oxide)cobalt(II) tetra-
bromocadmiate (II) were found to be almost identical in both peak posi­
tion and intensity, and the compounds thus appear to be isomorphous. The 
tris(pyridine N-oxide)cobalt(II) halide compounds, therefore, contain both 
tetrahedral and octahedral cobalt(II) complexes. 
A similar structure was recently assigned to the cobalt(II) halide 
complex of the chelate ligand, bis(di-isopropoxyphosphinyl)methane, on the 
basis of its spectrum (128). The tris(cyclohexylphosphine)cobalt(II) 
halide compounds recently reported by Issleib and Roloff (85) also appear 
to contain both tetrahedral and octahedral cobalt(II) complexes. 
Attempts were made to obtain the spectrum of [Co(pyridine N-oxide),] 
o 
[CdBr^] as a mull, but due to the low extinction coefficients of octa­
hedral bands and the background noise encountered with the mull technique, 
very poor results were obtained. Attempts were also made to obtain the 
spectrum of this compound in dimethyIformamide and in acetonitrile; in 
both solvents, the compound gave deep blue solutions and the spectra were 
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identical, with respect to absorption positions, with the spectra of 
Co(pyridine N-oxide) gBr2 ^ n t^ i e s a m e solvents; molar extinction coeffi­
cients were much lower than those of Co(pyridine N-oxide) ,^ Br2 in solution. 
The spectral results indicate that the solution measurements pre­
viously reported, such as conductivity and molecular weight, are not 
directly related to the species present in the solid since reaction ap­
parently occurs on dissolving. These results also raise the question as 
to what species are present in solution. In an attempt to answer this, 
cobalt(II) bromide was dissolved in dimethyIformamide and the spectrum 
observed as the concentration of pyridine N-oxide was increased (Figure 
4) 0 No appreciable change in any visible band was noted although the 
tail of an ultraviolet band did increase in intensity. The only explana­
tions are that either there is no coordination by pyridine N-oxide in 
these solutions or pyridine N-oxide and dimethyl!ormamide have identical 
ligand field parameters. 
Studies of the [Ni(DMF)^](CIO^)2 and the [Ni(pyridine N-oxide)&] 
(C10^)2 complexes (129, 130) have been given in support of the latter 
explanation; however, the fact that the spectrum of the pyridine N-oxide 
complex was obtained in DMF does not allow one to rule out the possibi­
lity of solvent exchange,, 
The species present in solution are not identified; however, the 
spectra in DMF of Co(pyridine N-oxide)„X„ and [Co(pyridine N-oxide),] 
[CdBr^] indicate that the cobalt(II) ions are probably present as vari­
ous tetrahedral species. 
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Diphenylphosphine Complexes 
The structure of dibromotris(diphenylphosphine)cobalt(II) has been 
determined from three-dimensional X-ray data and the structure of 
diiodotris(diphenylphosphine)nickel(II) has been confirmed to be iso-
structural to the cobalt complex by the successful refinement of the zero 
level data. Bond distances and angles (131) for the heavy atoms of the 
two structures are given in Table 24. 
A perspective drawing of one molecule of Co(DPP)^B^ with atoms 
labelled, as viewed down the b-axis of the crystal, is given in Figure 
24. The two bromine atoms, one phosphorus atom (P3) , and the cobalt atom 
are essentially coplanar, the dihedral angle between the plane defined 
by Co-Br^-Br2 and the plane defined by Co-P^-Br^ is only 1,9°. The angles 
between the equatorial groups and each axial group are approximately 90°, 
the angles between equatorial groups and P^ are 90.8°, 86.8° and 89.8°; 
between equatorial groups and P 2, the angles are 91.1°, 89.2° and 91.3°. 
Since the three atoms in the equatorial plane are not equivalent, trigonal 
symmetry in this plane is not possible and the structure is not a trigonal 
bipyramid. In addition the angles in the equatorial plane are not the re­
quired 120° for trigonal symmetry but range from 98° to 136°. The coor­
dination sphere (atoms bonded to the metal) does, however, conform to a 
bipyramidal configuration. 
A similar configuration was observed for the Ni(DPP)^I2 complex. 
The only differences observed in the coordination spheres of the two 
complexes are the metal to halide bond distances. The distances are: 
Co-Bi^ = 2.54, Co-Br2 = 2.33, Ni-I = 2.80, Ni-I2 = 2.49. 
1 0 1 
Table 24, Selected Intramolecular Distances and Angles for M(DPP)„X. 
Atoms Intramolecular Distance, A, Atoms Angle, Deg, 
M=Co; X=Br M=Ni; X=I M=Co; X=Br M=Ni; X=I 
M • 
-
 Xl 2.54(1) 2. 80(2) Xl - M " X2 1 2 5 , 6 ( 2 ) 1 2 3 ( 1 ) 
M • 
"
 X2 2.33(1) 2. 49(2) Xl - M " P l 8 6 , 8 ( 3 ) 8 7 ( 1 ) 
M 
"
 Pl 2.23(1) 2. 18(3) Xl - M - P2 8 9 , 2 ( 3 ) 8 7 ( 1 ) 
M 
"
 P2 2.20(1) 2. 22(3) Xl - M - P 3 9 8 , 1 ( 3 ) 1 0 5 ( 1 ) 
M • 
"
 P3 2.18(1) 2. 13(5) X2 - M " Pl 9 0 . 9 ( 3 ) 8 9 ( 1 ) 
pi - R1 C1 1.85(4) X2 _ M - P 2 9 1 , 1 ( 3 ) 9 3 ( 1 ) 
pi " R2 C1 1.85(3) X2 - M " P 3 1 3 6 . , 3 ( 3 ) 1 3 3 ( 1 ) 
P2 - R3 C1 1.91(3) Pl - M " P2 1 7 5 . 9 ( 4 ) 1 7 4 ( 2 ) 
P2 " R4 C1 1.75(4) Pl - M " P 3 8 9 , 9 ( 4 ) 9 3 ( 2 ) 
P 3 " R5 C1 1.78(4) P2 - M - P3 9 1 , 3 ( 4 ) 9 1 ( 1 ) 
P3 " R6 C1 1.84(3) 
Xl - M - X2 
Dihedral Anj; 
1 . 9 ( 3 ) 
le, Deg. 
- M - x 0 3 2 
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Figure 24. A Perspective Drawing of one Molecule of Co (DPP) ^ B ^ as 
Viewed Down the b_-Axis of the Crystal 
10 3 
The structures, as predicted by Gillespie (13), are neither tri­
gonal bipyramid nor square pyramid, but they can be thought of as inter­
mediate between the two. The structures can be described as distorted from 
a trigonal bipyramid by increasing one equatorial angle to 136^ and de­
creasing another to 98 a. Also as predicted by Gillespie, there is no sig­
nificant difference in the axial and equatorial metal to phosphorus dis­
tances n 
The structure can also be described as distorted Irom a square py­
ramid in the same manner as Ni(triarsine)Br(28); the basal halide -stem 
is depressed c_a0 46' below the plane as compared to _ca 20° in the tii-
arsine complex. As in the. triarsine complex, the axial metal ~to-halide 
distance is significantly longer than the basal metal-t.o~halide dis­
tance. 
Although it may be primarily a matter of taste, it seems more 
reasonable to think of the structure as a distorted trigonal bipyramidr 
This is particularly true when considering the polarized spectra or 
these complexes, since the polarized spectra can be interpreted in terms 
of symmetry, retaining only the horizontal symmetry plane of 
symmetry. The descent from to C g can be made without change in 
axial designations and without change in orbital designations; the 
same is not true in going from to symmetry, 
Furthermore, in D 0 1 symmetry, the d and d o o orbitals are 3h J xy x -y' 
degenerate in energy as are the d^ and ^yZ* t n e primary effect of the 
distortion, due to both angular distortion and to the difference in 
groups within the equatorial plane, will be in the trigonal plane and 
will, thus, remove the degeneracy of the d and d ? ? orbitals: 
b J
 xy x -y^ ' 
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a smaller effect would be experienced by the d and d orbitals , Con-
r J
 xz yz 
sidering the square pyramid structure, the highest energy orbital, the 
do 2 would be lowered considerably and one of the lowest energy orbitals, 
x^ -y 
the d or d
 s would be raised considerably, the ordering of the orbit£iis xz yz J 
in the lower symmetry is not obvious because of the rather large distor­
tion involved, 
The bipyramid structure of Co (DPP) ^ B ^ violates the general rule 
(18, 19) that the more electronegative ligands are always in axial posi­
tions o There doesn't appear to be any steric tact or which would prevent 
the more electronegative halogen atoms from occupying the axial positions. 
One further fact concerning the coordination sphere should be 
mentioned; LaPlaca and Ibers (13) indicated that, m the square pyramidal 
dichlorotristriphenyIphosphineruthenium(II), the sixth corner of the octa­
hedron was occupied by a phenyl hydrogen atom. If the C o ^ P P ) ^ ^ struc­
ture is considered, the closest carbon atom (R^^^ 2151
 on
^ 3c68 A, away 
and, although the hydrogen atom would be farther from the metal atom than 
in the ruthenium compound, the sixth position of an octahedron would be 
effectively blocked. 
The errors in carbon atom positions are rather large and these 
positions could possibly have been improved by further refinement, par­
ticularly by introducing anisotropic temperature factors for the heauy 
atoms and by using a different weighting of reflections in the refinement 
However^ the principal interest was not in the carbons and refinement 
was not continued_ The carbon-carbon distances obtained3 Table 25, range 
from 1.28 A„ to 1,55 A.; the average bond distance for each ring is also 
given in Table 25; there is little difference in the various rings 
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Table 25„ Carbon-Carbon Distances of the Phenyl Groups 
Atoms Ring 1 Ring 2 Ring 3 Ring 4 Ring 5 Ring 6 
cl - C2 lt 39(5) 1. 32(4) 1 ,28(6) 1, 39(5) 1,52(5) 1, 44(5) 
C2 " C3 1, 46(6) Ic 46(5) 1 -39(6) 1, 39(6) 1,38(7) 1 ,48(5) 
C3 " C4 lo 32(6) lo 30(6) 1 .44(5) 1, 34(7) 1*28(8) 1. •32(6) 
C4 " C5 lo 40(5) lo 32(6) 1 ,32(6) 1, 49(6) 1,36(7) 1 -54(6) 
s - C6 lo 44(5) lo 45(6) 1 ,50(6) 1,. 54(6) 1,55(7) 1, 42(5) 
C6 " 
Cl 1, 42(4) 1 36(5) 1 ,43(4) Ic 41(6) 1.41(5) 1. ,40(5) 
Avg. 1. 41 lo 37 1 ,39 1. 43 1,42 1 ,43 
and there is reasonable agreement with the expected 1..39 A. The carbon-
carbon angles for each phenyl ring along with the average angle are given 
in Table 26. There is reasonable agreement with the expected angle of 
120°. 
The orientation of the two phenyl groups of each diphenylphosphine 
ligand were also of interest. Although few structure are known for com­
plexes containing phosphines with two or three phenyl groups, those that 
have been studied (13, 132) apparently show no preferred dihedral angle 
between phenyl groups. The lack of such orientation is surprising since, 
in the pheny1-substituted phophines, additional back-donation from the 
metal d-oribtals to phosphorus d-orbitals could be stabilized if the 
n-system of each phenyl group were to interact with phosphorus d-orbitals 
to further delocalize this back-donation and, if this suggestion is correct, 
there should be a definite orientation of phenyl groups with respect to 
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Cl " C2 " C3 
c 2 - c 3 - c 4 
C3 " C4 " S 
C4 " C5 ~ C6 
C5 " C6 " Cl 
Average 
central atom 
phosphorus d-orbitals and, thus, with respect to other phenyl rings on the 
same phosphorus0 
The absence of a definite phenyl orientation in complexes of ter­
tiary phosphines could, of course, be due to a steric problem; the 
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diphenylphosphine ligands of the cobalt bromide complex should be a better 
measure of such effects0 
For the axial phosphines, the dihedral angle between the two phenyl 
groups (82° for P^ and 83° for P^) is close to 90 c and may suggest that 
the phenyl groups are entering into d-p n-bonding with different phospho­
rus orbitals; the third phosphine does not show such orientation, the di­
hedral angle is only 69°,> Steric crowding would certainly be greater in 
the vicinity of this phosphine and could prevent the proper orientation. 
It is also possible that -rr-bonding to this phosphine is less important 
although the equivalence of the three Co-P distances argues against this 
possibility. 
The orientations of the three diphenylphosphine ligands with re­
spect to each other are also worth notingc The angles between the equa­
torial phosphorus and the axial phosphorus are very close to 90" (89.9" 
and 91,3° for the cobalt compound). This may very well be significant 
and this preferred arrangement may be the result of n-bonding with the 
metal ion, 
Spectral Properties 
Only the gross features of the observed polarized spectra are in­
terpreted. Weak absorptions were noted in the forbidden polarizations 
as shoulders or as small bands corresponding to the frequencies of the 
allowed bands in the opposite polarizations, These minor features of a 
spectrum could be attributed to vibronic bands which would be allowed for 
electronic forbidden polarizations; however, such an interpretation is 
not trustworthy because of the following considerations 
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lo The alignment of crystal axes with the light: vector is probably 
the source of most error, If the axes were not exactly aligned, then some 
absorption would be observed in the spectra of the torbidden polarization-
2o Since the polarized light is convergent, the polarized light 
can not be assumed pure. This would also be observed as minor features 
in the observed polarized spectra0 
3, The polarized spectra aire determined at room temperature; 
therefore, lattice vibration would tend to broaden the bands Thus, a 
consideration of band shapes would not be valid 
4c If the molecular axes are not parallel with the crystal ia.es, 
then exact alignment is difficult; however, in such cases the crystals 
were aligned along the polarization axis. 
Very distinct polarizations were observed for all crystals inves­
tigated (all non-centrosymmetrie)
 (. However, for cent:? osymmer ric ;.emplexes, 
where only weak vibronic transitions were observed, a very careful consi­
deration of the above mentioned problems would have to be made in orde.: 
to justify a reasonable interpretation. 
The polarized spectra reported in this thesis represents the re­
sults obtained for several, crystals of each complex. In each case :,he 
results obtained for a particular complex were essentially identical tor 
the several crystals investigated, 
Iodobis(dipyridyl)copper(II) Cation 
of this complex are shown in Figure 7, The solution spectrum shows a 
-1 
shift of approximately 2000 cm from the crystal spectrum and a 
shoulder on the crystal spectrum does not appear in the solution spectrum 
The solution and crystal spectra 
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Although there is evidence that five-coordination Is maintained by this 
complex in non-coordinating solvents (46), the solution spectrum is not 
consistent with any five-coordinate symmetry. Similar changes in the 
spectra of other five-coordinate complexes on dissolving in non-coordinating 
solvents seem to indicate that the non-rigidity of these complexes is an 
important factor in solution. 
Comparison of the crystal spectrum with that expected tor various 
symmetries suggest that is the effective symmetry since, two transi-
are observed; as expected for symmetry, the high-energy band is much 
weaker than the other band since the high-energy band is only vibrcyni­
cally allowed and the low-energy band is electronically allowed How­
ever, polarized spectra show that the spectrum in this region is much 
more complex and, therefore, inconsistent with treatment as symmetry, 
Effective Symmetry„ In order to discuss polarized spectra, it is 
necessary to determine the effective point symmetry at the metal ion, 
However, there are several ways of considering the site symmetry of com­
plexes in crystals. 
Point ligand symmetry obtained by considering each ligand as a 
point has been employed in interpreting solution spectra. This approach 
has been particularly employed for the pseudotetrahedral complexes of 
the type ML^X^s for which the ligand field is considered to be an average 
of the field strengths produced by four L groups and four X groups. 
Recently, an attempt has been made to treat the solution spectra of five-
coordinate complexes in this manner (105)„ Such considerations are, of 
course, not particularly valid in polarized spectral studies where the 
effective symmetry is definitely lower. 
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The coordination sphere symmetry is obtained by considering only 
the atoms bonded to the metal ion, It seems probable that, except in 
complexes which involve considerable derealization of electrons through 
the ligand group, the bonded atoms will produce the major effects on the 
metal ion and, thus, such considerations should give the effective symme­
try. The coordination sphere symmetry has been used to interpret 
polarized spectra (134). 
The actual symmetry of complexes, in some cases, has been used to 
reach an adequate interpretation of polarized spectra (133), 
Previous studies (134) have indicated that the effective symmetry 
is usually higher than the crystallographic symmetry. In the complex under 
consideration here, the crystallographic site-symmetry is and the ef­
fective symmetry is certainly higher. 
The [Cu(dipyridyl)^I] ion approaches an actual symmetry of ; 
however, the coordination sphere symmetry shows a C~ symmetry 
Polarized Spectrac In decreasing the symmetry from Dot_ to C_ or 
— — — — — — j n zv 
C^, the E states are split; however, since the major factor in lowering 
the symmetry is the difference in field strength of the iodide as com­
pared to the nitrogen and, since only one iodide is involved, this fur­
ther splitting should be a smaller effect. 
Splittings of the d-orbitals of copper in the various symmetries 
are indicated in Figure 25
 3 The D 0 1 states were obtained from the cor-
3n 
relation diagram (Figure 18); the states of the lower symmetries were 
obtained with the correlation tables of Wilson, Decius, and Cross (100), 
If the coordinate system is chosen so that the z_-axis is defined by the 
Cu-I vector and the x^axis is defined as the line containing the copper 
Ill 
Figure 25„ Splitting of the d-Orbitals of Copper in Various Possible 
Symmetries. Arrows indicate transitions which are allowed 
electronically; in C^ and C„ , solid lines represent 
transitions allowed parallel to the principal axis, dashed 
lines represent transitions allowed perpendicular to the 
principal axis. 
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and two nitrogens (the axial nitrogens of the bipyramid), then the d 9 2» 
x -y 
with two lobes directed toward nitrogens, would be expected to be highest 
in energy; the dz2» directed toward the iodide, would be somewhat lower 
in energy„ Since the d lobes would be directed near the remaining two O J
 yz 0 
nitrogens, it should be higher than the remaining two orbitals; the d 
and d would be lowest in energy and the ordering of these would be 
xy 
questionable, 
A comparison of the polarized spectra. Figure 9, with the spectra 
expected for and C^ v symmetries suggest that che effective symmetry 
is C 2 v° """n ^ 2 s y m m e t r y > each polarization would be expected to show two 
allowed bands; in C^^j the perpendicular polarization should show two 
allowed bands and the parallel polarization should show only one, In the 
observed spectra, the perpendicular polarization shows a much broader 
band than the parallel polarization and two distinct peaks can be re­
solved from the perpendicular polarization, 
The three observed bands can be assigned to particular transitions 
according to Figure 25, This assignment is summarized in Table 2 7 along 
with the relative energies, with respect to the energy of the d
 2 2 
x -y 
orbital, of all d-orbitals except the d „ Since a transition from the 
xy 
d^ is electronically forbidden in both polarizations, it is not readily 
observed * It is, however, vibronically allowed in both polarizations and 
is probably hidden near the high energy end of both envelopes; no attempt 
has been made to fit a weak band into the spectra,, 
Diphenylphosphine Complexes 
Solution and Crystal Spectra,. The absorption spectra in dichloro­
methane of the cobalt and nickel complexes are given in Figures 6 and 7 
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Table 2 7, Assignment of Observed Transitions for the 
[Cu(dipyridyl)9I]I Complex 
Transition assignment Obs. freq,(cm S A. (d 2 2) — * AAd 2) 10,500 1 x -y 1 z ' 
An — B0(d ) 12,000 1 I yz 
A, — — Bn (d ) 15,000 1 1 xz 
respectively; the crystal spectra of these complexes are given in Figures 
8 and 9. No similarities are observed between the solution spectra and 
the crystal spectra. Therefore, since there is evidence that five-
coordination is maintained in this solvent, the solution spectra must 
represent an average over all possible conformations. Also the crystal 
spectra alone are not sufficient to make reliable spectral assignment. 
Polarized Spectra., As indicated, the coordination spheres of 
these complexes have C g symmetry retaining only the horizontal symmetry 
plane of D^h" ^ e descent ^ n symmetry from to can be made without, 
a change in axial designation and without change in orbital designations; 
the same is not true in descending from C^ to a C g symmetry. 
The crystallographic c_-axis of the crystal is essentially parallel 
to the P-^ -M and P^ -M vectors of the molecule = Therefore, the c_-axis is 
essentially parallel to the z_-axis of the molecule (z_-axis is defined as 
the principal axis of the or C g symmetries). Thus, correlating these 
facts with the previous information concerning the relationship between 
the polarization axis and the crystallographic c-axis, the nickel iodide 
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complex shows green light perpendicular to the principal axis and appears 
opaque with light parallel to the principal axis Figures 11 and 12 show 
the polarized spectra of Ni(DPP)3Br2 and NiCDPP)^ respectively with 
light parallel and perpendicular to the C g principal axis. The cobalt 
iodide complex shows red light transmitted perpendicular to the principal 
axis and green light parallel to the principal axis0 Figures 13 and 14 
illustrate the polarized spectra of the Co(DPP) .-.Br^  and Co(DPP) 1 
respectively« 
Dihalotris(diphenylphosphine)nicke1(II) Compounds. Figure 26 
shows the spectroscopic states arising from a descent in symmetry from 
g 
D_, to C in a d electron shell configuration: the D,,M states were 3h s ° in
obtained from the correlation diagram given in Figure 20, 
The E states are split on descending in symmetry from to C^; 
however, the splitting would represent a difference in field strengths 
brought about by the difference in halides and phosphinesn This change 
in field strength would be expected to be small and the predicted spec­
tral bands should either broaden or be slightly split; the iodide complex 
should show a greater splitting than the bromide complex. In a C g en­
vironment, the theory predicts two broad transitions which are one-electron 
transitions, the high energy band polarized parallel to the principal axis 
and the low energy band polarized perpendicular to the principal axis. The 
observed spectra of both nickel complexes show these bands. The low 
energy band is polarized perpendicular and is consistent with the predicted 
2 
transitions from an (aj) ground state configuration to (a|)(e') excited 
state configurations The observed band in the iodide complex appears 
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Figure 26. Spectroscopic States Arising from a Descent in Symmetry 
from D3 n to C s in a d^ Configuration 
1 1 6 
than the bromide complex. The band of higher energy is polarized parallel 
and is consistent with the other one-electron transition to (a^)(e") ex­
cited state configurations. In both complexes this band is very broad 
and a frequency assignment is somewhat arbitrary. In both the perpendi­
cular and parallel bands a shift to higher energy is observed for the 
bromide complex and this shift is in accordance with a field strength 
change from iodide to bromide. The transition assignments along with 
the approximate band positions are given in Table 2 8 -
Table 2 8 , Assignment of Observed Transitions 
Complexes 
for the Ni(DPP)3X2 
X Transition assignment -1 Obs. freq.(cm ) 
Br A1 (a;) 2* — + A' (aje?)** 1 4 , 8 0 0 
A' • A " (a|eM) 1 7 , 4 0 0 
I A' — * A' 
A' — > A" 
1 2 , 6 0 0 
1 4 , 6 0 0 
1 6 , 5 0 0 
^ hole config„ 
hole config. 
of the ground state 
of the excited state 
A similar assignment ( 7 9 ) has been made for the [Ni(TAP)X]C10^ 
complexes, where TAP represents the tris(3-dimethylarsinopropyl)phos­
phine ligand. The solution spectra (dichloromethane) have been inter­
preted in terms of C ^ symmetry. A broad peak in the visible region 
has been resolved into two Gaussian curves and the lower energy band 
117 
(14,170-15,400 cm ) has been assigned to the k+E transition; the higher 
J- Si 
energy band (16,740-17,840 cm"1) has been assigned to the A^E^ transi­
tion. 
Dihalotris (diphenylphosphine) cobalt (II) Compound., Figure 27 shows 
the spectroscopic states arising from a descent in symmetry from to C g 
7 
in a d electron configuration (derived fiom Figure 22) 
In C g symmetry, the theory predicts three one-electron transitions, 
2 2 
The lowest transition from A'((a|) e')-»A"((aj) e") would be expected to 
be of very low energy and should not occur in the spectral region under 
investigation. However, three distinct bands are observed in the polarized 
spectra. The lowest observed band, which is polarized perpendicular to 
2 
the principal axis, can be assigned to a transition from (aj) e f ground 
2 
state configurations to a^(e') excited state configurations As in the 
nickel iodide complex, the lowest observable band is split into two com­
ponents. The medium energy band is consistent with the predicted transi­
tion which has an excited state of a^e'e" configuration. This band ori­
ginating from a^e'e" configurations should be extremely broad because it 
has several (eight) components. The highest energy band may be either 
assigned to the lowest two-electron transition or to a charge transfer 
band. This band appears approximately at the same position in both the 
bromide and iodide complexes; however, if the band were the result of a 
charge transfer from halide to metal, it would be expected to occur at 
higher energy for the bromide than for the iodide, This band is probably, 
therefore, a two-electron transition. The assignment of transitions and 
their approximate band positions are given in Table 29. 
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Figure 27. Spectroscopic States Arising from a Descent in Symmetry 
from to C s in a d7 Configuration 
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Table 29. Assignment of Observed Transitions for the Co(DPP)^X, 
Complexes 
X Transition assignments Obs o freq.(cm "S 
Br A' ((aj_)2e ' ) * — • A" 2 ** ((aj) e") not observed 
A' • A' (a|(e')2) 13,800 
A' • A" (a|e'e") 13,800-17,000 
A' • A' 
. 2 *** (aj(e")Z) 19,000 
I A' • A" not observed 
A' • A' 13,200 
14,700 
A' —y A" 13,600-15,500 
A' — • A' 19,000 
^hole config. of the ground state 
^hole config. of the excited state 
two-electron or charge transfer band 
Magnetic Properties 
Five-coordinate complexes of nickel which contain phosphorus or 
arsenic ligands are usually diamagnetic; the nickel iodide complex with 
diphenylphosphine is the only example of a paramagnetic complex of this 
type. This paramagnetism could, in the absence of structural data, be 
attributed to either a difference in structure or to the difference in 
ligand field strength for the nickel iodide and nickel bromide complexes; 
however, the successful refinement of the heavy atom coordinates using 
two zones of intensity data for the nickel iodide crystal shows that 
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the iodide and bromide structures are essentially identical. 
The explanation of the paramagnetism of the nickel iodide complex 
must be related to the ligand field strength.- As indicated in Figure 28a 
and b, nickel complexes may have a triplet ground state (spin-free com­
plexes) or a singlet ground state (spin-paired complexes), depending upon 
g 
whether the splitting, A , is sufficient to overcome electronic repulsion 
and cause pairing. 
The moment observed for the nickel iodide complex, 1,29 B M ; , is 
considerably below the value for one unpaired electron (1, ?3 BM-) and 
indicates that the ligand field strength must be slightly higher than 
that required to cause spin-pairing0 Thus, although the ground state 
is a singlet state, the triplet state is only slightly higher in energy 
and, due to the closeness of these two levels, is thermally accessible 
The resulting paramagnetism would be expected to be temperature dependent,, 
Confirmation of a temperature dependent paramagnetism was not possible in 
this study since there were no provisions for temperature variation with 
the magnetic balance employed. 
The higher field strength of the bromide complex would increase the 
separation between the singlet ground state and the triplet state, making 
the triplet state beyond reach of thermal population at room temperature 
The DPP complexes of cobalt bromide and cobalt iodide have moments 
(2o43 and 2,23 B.M., respectively) which are consistent with the presence 
of one unpaired electron. Although the values are above the spin-only 
value of 1.73, the difference is probably due to the orbital contribution. 
Since the two cobalt complexes are essentially low-spin, this 
would indicate that, assuming similar crystal field splittings for the 
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cobalt and nickel ions, the change from a quartet to doublet state is at 
a lower field strength than the analogous change for nickel(II), Although 
the change in crystal field stabilization energy in going from a high-spin 
7 8 
to a low-spin state would be the same for d and d complexes in 
symmetry, the further removal of d-orbital degeneracies in C g symmetry 
7 8 
would make the low-spin state more favorable for d than fot d , This 
is shown in Figure 28 where the changes in crystal field stabilization 
energy between the high-spin and low-spin states are indicated tor d^  
g 
and d complexes0 Due to this difference between high-spin and low-spin 
7 8 7 
stabilization, A greater than A , d complexes should become spin paired 
g 
at lower field strength than d complexes, 
The polarized spectra of the nickel iodide complex might also be 
expected to show a partial population of the triplet state, However, the 
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The five-coordinate diphenylphosphine and dipyridyl complexes 
discussed in this thesis appear to be non-rigid in solution and the 
solution spectra appear to represent an average over the possible con­
formations. It also seems reasonable to suggest that other five-
coordinate complexes, except those restricted to a particular confirma­
tion due to steric requirements of the ligand, may well be non-rigid in 
solution since the interconversion can easily occur through vibrational 
distortion. The crystal spectra can be interpreted in terms of a rigid 
molecule; the effective symmetry, at least in the cases cited, can be 
interpreted in terms of the coordination sphere symmetry. Further studies 
of additional complexes would have to be made in order to clarify whether, 
as a general rule, the effective symmetry is consistent with the coordina­
tion sphere symmetry or if additional considerations are necessary. 
Gillespie (16) has predicted that largely covalent complexes are 
expected to show a trigonal bipyramid arrangement and that highly ionic 
complexes are expected to show a square pyramid arrangement; therefore, 
most five-coordinate complexes of the first transition series are ex­
pected to be intermediate between these two extremes and should show in­
termediate conformations. The structures of the M(DPP)3X2 compounds can 
be described as bipyramidal, but they are distorted from a trigonal bi­
pyramid arrangement and could, therefore, be described as intermediate 
structures. 
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The phenyl groups of two of the phosphines of the M(DPP)3X2 com­
pounds show dihedral angles close to 90** and this may be evidence of 
participation of the phenyl groups in the back-donation mechanism 
The magnetic moments of the M(DPP)3X2 compounds, with the excep­
tion of the nickel iodide compound, show low-spin magnetic moments; the 
unusual paramagnetism of the nickel iodide is probably due to thermal 




The following unpublished programs were used by the author in the 
course of this research. These programs were written in a modified Algol 
language for the Burroughs1 B-5500 computer. The magnetic susceptibility 
program (one) and the lattice cell program (two) were written by the 
author; the minimum function program (three) and the three-dimensional 
Fourier program (four) were written by Dr0 J„ A. Bertxand„ 
PROGRAM HM E 
MAGMfTlC SUSCEPTIBILITY PROGRAM PEGIN COMMENT MAGNETIC SMSCF^TIHTLTTY PROGRAM > REAL PASCAL C1LW,TE^P,A,C>G,V,K,AMP>H*D,X,S»E*F,R ETA,XG*XM,XC/Ci)KR» MUF ; INTEGER I 5 ALPHA ARAY NATl !P1 » LA^FL LOUP*TUP,ROTTQM / FI  F IN F1 (2*10) ; FTLF OUT F>  1 C 2* 1S ) J FORMAT TITLF (IPAM 5 FORMAT IN FHRM1 (X3,3F9.3) J FORMftT IN FORM? CXS,5F9.6) ; FORMAT IN hn^Ml ( X S , 4 F 9 . >S ) ' FORMAT OUT FORM/4 C X ft , " A MP " . V 8 > " HE T A " , X A " T F M° " , X 0 , » X G " > X 1 0 
,"XC",X10."MMF" ) J FORMAT HUT FORM'S (AF|?,4) J TOP : R E A 0 C F 1 » F rj R M 1 , P A S C A , M L) L N , T E M P ) ; IF PASTA =n ]HFm GO TO nOTTD" J RF An (F1 ,F 1RM ?,A,C,G•V,K ) ? RF AO C F1 j» MTi.F, FOR I 1 STFP 1 UNTIL 1? 00 N A T T J ) > WRITE fF2[|)rtLl»TTTl.E, rnrt r <- 1 STEP 1 UNTIL 1? 00 NACIJ) • WRTE (F2r')«Ll»Fn«^a) f LOOP: READ ( F 1 , FURM3 , AM.P , q, [), x ) 5 IF AMP * 0 THEM R r G I N S«-R-A ; F*-(0-C-S)xlOO() ; F«-CX-G-S)xlOOO ; RETA«-(Kx(C~AWO,0?9)x\/) /f ) XG«-(0.02>)x\/ + BETA xF) / (G-A) J XM«.XG*MOLW • XC<- XM • tJfSC.A : CORR* SQRT C XCxTEMP 1 MUF <-(2.8/4JxC0RRx0.00 1 ; WRTF ( F2, FflRMS , AMP, »1F T A* TFM^>, XG, XC> Ml)r ) f GO TO LUOP ; FNO ; GO TO TOP ; ROTOM : FNO. 
PRJGRAM r W G 
LATTICE CELL D R 0 G 0 A M 
RFGIN COMMENT REAL LATTICE CONSTANTS CALCULATEO FROM RECIPROCAL LATTICE REAL DA,DH»nC,RA,R^,RC,A'R'r»ALPHE,8ETA,GAMMA,CA,CH,CG»SA,SRi»SG,SINA, SIN BASING* V»DEN>M0L*>TA*TH>TG»ANGA>ANG8>ANGG ; TNTFGER I'N i LAREL TOP,LOOP,OTTOM ; 
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alpha a r? r a y N A r 1 : 1 5 i ; FIL r i *< f 1 (\r \ n) ; FILF n'IT F/> 1 (?, 15 ) : F p R A T IN t- n R M \ (4rg.3i ; IN r flRMP C ftF9 . ft ) » TITLE' (l?Ar,l J FORMS ( v ft » " V » X ^  » " R F H R ft 
r.iRM r F 0 R M H F 0 R M 9 F 0 H M 3 F 0 R -1 a 
o u t hut OUT ;)UT TUT OUT OUT 
><9»"C",X7,"V0LUMF") ; 
(1F1 0 . :n ' ( X 1 0 , " r) F. N S T T Y r , I 2, " 1 = " , F 9 . ft ) ; (X'I ."ALPH V»,X5." BETA »,X5," GAMMA") > 
nm. ?) ; 
( v 2 . " C 0 S A L P H A " , X 3 » " C 0 S B F T A " > X 2 . " f. 0 S G A M M A ) 
M F 1 0 . ft ) 
F n R M A 7 FORMAT F n R M A TFORMAT FORMAT F n R M A T FORMAT FORMAT FORMAT TOP : RF A0 C F 1 » ilRM 1 ,.) A » nR , OC » M0LW1 ; TF OA = 0 THLM GO TO BOTOM ; R F A 0 (F1,TITLF, FIR T t- 1 STEP 1 UNTIL WRTF (FPCOHLl.TITLE. FL)R I * 1 STEP 1 RF A 0 (F1*FUHjM?.rA,rH,cr,SA.SH*SG) J AI.PHL «• (Chx CO - CA^/CSBxSfi) J p f t a «- f c a * g - r »-n / ( s a x s r,) ; GAMMA <- ( C A x c « - c G ) / (. S A x S R ) ; 
•UNA «- 1 -(A|.PHF)xfAtPHFl S T N A <- a Q R T ( S I n A ) SI MR <- 1 • F T A x R F T A ? S IMR «• SQR I ( S I N!R > > 
IP 0 0
U N T I L NAf T 1 ) I 
1? 00 MAC II) 
STMT, 1 - G A M M A x ^  A M A J STNG < S J R T ( S T M G 1 J RA «- 0 / ( 4 ? . ft i  i ; R  <• 0 H / ( 4 •? , ft /i i ; RC «- nc / ( a ?  ft/n ; A <- t/(RAxSR*SlNG) R «• 1/fRRxSAxslMfi) C «- t/(RCxSAxsiNin ; V «- A  R x c x S I <i A x s T M x s G > WRTF CF2  'ML 1 »F Q R 4 5 ) > WRTF ( F2 r !;RL 1 > FORMft , A , R, C » V ) > WRTF (F2fl,RL]>F0K<3) > WRTF ( F2f URL I » F OR-M, ALP HE . RFT A, GAMM A ) COMMENT R F A L A N G L L CALCULATION USING ARC It- AL°HF*n THFKJ HFC, TN T A «- STfA^/ALPMF ; A ai r, A <- A R C T A M ( I A ) > A N G A «• S7.2R5HXAMGA } 
TF A M G A < 0 THTM ANGA «- 180,0000 + ANG A I 
r M n; 
It h F T A 4- 0 T H M H t G I M 
T M «- STNR/HFTA ; 
A J (T H <• ARC TAN (T*=H >' A N G 0 <- S 7 , 2 9 S ^  x A M G R J TF ANG4 < 0 THFM A N G <• 18 0.0000 + AMGR i f !o; Th GAMHA^o THFM R F G T N 
TG <- SING/GAM-4 A ? A IGG A RC i a m ( tg ) ' AMG  «- S7 , 29«Sftx AMG  i TF ANG  < 0 THFJM N  «- \B0,O()0 + ANG  > F'Jn; WRTF f F 2T.'1R i_] » F0 R ^  H ) ; 
F1N C T 0 I N 
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W R T T F ( F 2 T D H L 1 . F 0 R ' < 9 , A N C , A , A M G H , A \ G G ) 
C H M M F N T U M I r C F L L D E N S I T Y C A L . C U L A T I U N ; 
M «• F) f 
L H O P t 
N *- M + 1 J 
D F N «- ( N X M N L W ) / ( 0 , F I 0 2 3 X \ / ) * 
W R I T F C F 2 , F O R M 7 , N , 0 F N ) ; 
T F H F N < 5 T H E N G O T N L 1 0 P * 
G O T T T D P J 
P O T T O M : 
F M O , 
P R U G R A M T H R E E 
M L N T M U M F U N C T I O N P R T G R A M 
B E G I N 
C O M M E N T M I N I M U M F U N C T I O N P R O G R A M 
A L P H A A R R A Y N A F 1 I 1 9 1 
I N T F G E R C H , C K I C L * T N P 
I N T E G E R \ / > * V V , W W , 0 , 0 0 , R A N * , X , Y , Z , M Z , 
T N T F G E R A R R A Y M M X T \ I 8 , 1 : 8 ] , M M Y [ 1 : 8 , 1 : 
I N T F G E R A P H A Y I M X T 1 : 8 , 1 : C H , I M Y C 1 : 8 , 1 : 
R E A I T 1 » T 2 
A R P A Y F A C C 1 I F L , 1 I F L L 
A R R A Y » 0 [ O N ? > 0 N ? » 0 M A L » M I ) [ 0 » 3 ? , O N ? 1 
L U ( 1 2 - T 1 > / * 0 ) 
I M F 1 ( 2 » 1 D ) 
O U T F 2 6 ( 2 , 1 5 1 
F I L E P A T F C M 2 ( 1 , 2 5 6 ) 
I J F I I R M L ( 1 2 A 6 ) 
I N I N D E X ( 7 T 5 ) 
T N S H I F T ( 3 T 5 » F 1 F ) . 4 1 » 
I N I A P F 1 ( H ) 
T N T A P E 2 ( 2 S 6 F 8 . 1 ) 
O U T F O R M A ( " T I M E = " , F 1 0 . 3 ) 
( " X D 0 W N " , T 3 , " T O " 
M X , M Y , R X , R Y . R / , I , P R , P T > O B , U Z 
8 T » M M 7 F 1 : 8 , 1 : 8 I 
8 1 , I M / [ 1 : 8 , 1 : 8 1 
R E A [ 
R E A L 
L I S T 
F 1 1 F 
F T L F 
S A V F 
F ("IP M A T 
F O R M A T 
F 0 R M A T 
F O R M A T 
F O R M A T 
F 0 W M A T 
F O R M A T O U T 
F 0 P M A T 
F O R M A T 
F O R M A T 
F O R M A T 
F O P M A T 
F O R M A T 
F O R M A T 
F 0 P M A T 
L A P F L 
F O R M 4 
1 2 ) 
O U T F O R M ' S C Y U H W N " , T 3 , " T U " , I 
1 2 ) 
O U T F O R M * ( " X D O W N " , 1 3 , " T O " , I 
1 2 ) 
O U T F O R M 7 ( " 7 D O W N " , T 3 , " T O " , I 
( 2 ) 
O U T F 0 R M 8 ( " Y D O W N " , T 3 , " T O " , I 
1 2 ) 
O U T F D R M 9 ( " Z D 0 W N " , 1 3 > " T U " , I 
1 2 ) 
H U T F 0 R M 1 0 ( 1 6 F 7 . 1 , X 8 > 
O U T F 0 R M 2 ( " M I N I M U M F U N C T I O N " , 
O U T F 0 R M 3 ( " S H I F T E D T O O R I G I N ! 
S T A R T , S I , S 2 , S 3 
3 , " Y A C R O S S " , 
3 , " X A C R O S S " . 
3 , " Z A C R O S S " , 
3 , " X A C R O S S " , 
3 . " 7 A C R O S S " , 
3 , " Y A C R O S S " , 
L A R E L S W L , S W 2 , S W 3 , F D T , F N 2 , F D 3 , F L> 4 , F D 5 
S W T T C H C H O O S E * - S 3 » S 1 , S 2 , S 2 , S ? » S 2 , S 2 , S 2 
S W I T C H C A L C « - S W I , S W ? , S R N > 
S W T T C H L P 1 * - F D 1 , F 0 2 , F 0 3 , 
S W T T C H L P 2 « - F D 4 , F D 5 , F D 6 ; 
X 1 0 , 1 ? A 6 ) 
X = " , I S , " Y = " , 1 5 , " Z 
, F ( ) 6 , F [ ) 7 , F 0 8 , F D 9 , 
J 
" T O " . I 
" T O " , I 
" T O " , I 
> " T O " . I 
" T O " , I 
" T 0 " » I 
1 5 ) 
T R M ; 
3 , " Z = " , 
3 » " Z = " , 
3 • " Y = " J 
3 , " Y = " 
3 , " X = 
3 , " X = " 
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SWITCH LP3«-F0 7.FOH,F09 ; T1<-TIMF(2) '> COMMENT SFCTIRM ? > REAn (El ,F IRM1 ,F Ok I *-1 sTFP 1 UNTIL 1? DO NAIl) '> RE An ( F 1 , I NOF X » TOP , C. H, CK > CL » R ANK, PR > 17 1 '> fnp n*i STrp i UNTL rip on FOR HD4-2 STFP 1 UNTIL RANK DO R E G T N go Tn calcichi ; SW1 : on to lpircki ; 
F01 : 
G n TO I Rm ; 
FOP: R E A n ( F 1 , S u T E T . I ^  X r n , i) m . I m y [ I), 0 0 ] , I M z r 0 , 0 0 1, F A C I 0 . n I) 1 ) » GO TO IR M ; F03 ! R F A n ( F 1 > S H I F T . T M X r 0 »L) 0 ] » I "! 7 [ f>» 0 0 ] > I M Y [ D j D 0 J > F A C I 0 > n P ] ) ; GO TO TRM J swp: GO T [) I. p ? r C < I » FIH : RE A1"* ( F1 , I ET , I MY r 0 . iv> j , I My ro, 1)0 ], [M? r U , nn ], I- AC r IW 00 ] ) ! GO TO fRM ; Fns: GO TO I"rm ; Fn*: RE An ( F) , SH jFT^  I M Yr l)» 00] > I M/f 0, 0 0 ] , I M X f D> DO ] > F AC T 0> 0 0 ] ) J GO TO TRM : S W 3 s GO TO L P 3 r C * ] ; F07 : RE ^0 ( F 1 , SH I F T , T M7 r 0 , !)0 i, I My I 0 . 00 ] » I M Y f 0 • 00 ] , F AC [ 0, I)0 ] ) ,5 GO TO IR M / FOR : RE « u ( F 1 > S H I E T , I M 7 [ 0 . 0 0 ] >l M Y f 0 »L> 0 ]IM X r [) > 0 0 ] , V A C I 0 , 0 0 ] ) ; 
GO TO TRM ; 
FP9: 
GO TO TRM ; TRm : FMn; Cl OSE (El>RELEASE) ST ART I REAP (PATFCNfTAPElfPROR) ; IT PRUR^PR THEN REG IN SpACE(PATECK,,6*) ; GO TO START END ) FOR 7<-0 STEP 1 UNTL I *> DO FPP V«-^>1* 0(1 FOR J<-0,1ft P'l REG IN v v <- v +i s ; ww«- w +1 s ; RE A n (PATECN,TAPE2.F0R X<-V STEP 1 UNTIL '-V DO FOR Y«-W STEP 1 UNTIL WWD0RDfX,V»7]) ; L N 0 > LPC* (PATFCm,RELEASE) > COmmfnt S  TI 0n 3 J FnO«-1STKPlUTTLTOpOO REG I N WRITE f  2 [1' PL I > 0 R m 2 » E 0 R I «•1 STEP i until 12 DO NAtl) )  00<-2 S1FP 1 UNTIL ANK 00 T E (F2CRL]#F(J«' »lMX[D#n0]>lMY[n,n01»lMZ[D,nD]) ; F (F2IRAG]) :nR Z*0 S 1 UNTIL 7 0 REG IN 
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FOR 
FOR mu? STEP 1 UNTIL RANK DO R E GIN *mz r o, no 1 <- It/ 00 I + 7IF M M 7r n. nn 1> 3  THFN MM7[D>n]«-MMzrD ,nn]-32 END X«-n STEP 1 INTT I 31 00 REG I N FOR no*-? STEP 1 UNTIL RANK DO REG IN m m x r o, n n t <- T M<m +x if mmxio, 00 ]> 31 THFN MMXCD.n]«-MMXCO 32 ENO FOR Y*-0 STEP 1 UNTIL 31 DO R E G I N for n n«- ? STEP 1 UNTIL RANK DO PEG IN M M Y [ 0 , 0 D T <-1 MY \ o , o n ] +y IF MY r 0 , 00 1>31 THFN MMY[D»DD] «-MMY [ D . on i -32M X «- M M X ' D , 00] M Y <- M M Y r 0 , no i m 7 <- m m 7 r n, on ] TF M7>16 THEM HEf, T N M 7«-32-M7; MX«-32-MX ; M Y «- 3 2 -MYIF MX=32 THEN MX<-0 t IF *Y =32 THEN MY«-0 t 
; 1X=32 THEN MX<-0 J IF *Y = 32 THEN MY<-0 t END }IF 7>1n THEN BEGIN RZ<-32"Z ; RX.-32-X J RY<-32-Y i ENO EL S F RFGIN R?«-Z J RX«-V > PY«-Y ; E Nn ; IF RX = 32 THFN RX<-0 t }F RY = 32 THEN RY<-0 ; Gn t n CHonSFtnni S1: IF RDrMX.MY,MZl<ROrRX/RY»RZ J r HE N MO T X. Y J <-R0 r MX , M Y> MZ ]*EAC I 0, DO ] l-LSF MDrv,YT«-RrHRX»RY»RZ]xFArn,D] ; GO TO S3 > S2: RD[MX,MY,M/]<-Rnr. MX.MY,M/T xFAC I0,DDI IF Rnr MX, MY, M7 1<MD[ X, Y T THEN M D f X , Y T «-R 0 T M X , M Y , M Z ] > GO TO S3 S3: FNO ; IF Mnrx,Y] < o THFN M L) T X , Y 1 «. ^ n * 6 ; END ENn ; COMMENT S Ef' 11 0 N A FOP V<-D,1<S DO FOR /J<-0,lr\ DO BEGIN V \l <- M + ! 5 
'</ w«. w + l 5 WP1 r F (F 2 r D R L 1,F 0 P M 2,F n R 1*1 STEP 1 UNTIL 1? 00 N A[ I ] ) IF CL=3 THEN REGTN IF CH = 1 THFN WRITE ( F ? T 0 0|. 1 , FUR M , V , M \J , W , W W , Z ) FLSF WPITE (F2rf)RLl,F(.]Rr-15W.VV,H,rfW,Z) FNO IF C <= 3 THFN R F G T N TF CH=1 T H t. N WRITE (F?r)Hl.1,FURM&»\/#VV.W,WW,/) FLSF WRTF ( F 2 T D R L 1 , F J R M 7 , »/, V V , W , W  , Z ) FNn TF CH=3 THEN RFGIN TF C K a 1 THEM "JRITF ( F 2 • F 0 R M fl , \/, \/ V , w , W W , 7 ) FLSF WRITE (F2TDRL1,F0RM9,\/,YV,W,WW,Z) END FOR X<-V STFP 1 UNTIL. VW 00 WRTE (F2rDRL1,F0'?Ml0,F0R Y«-w STFP 1 UNTIL W  00 MD[X»Y]) WRITE (F 2[P A G E 1) END EMD > r w n I T 2 «- T I M t ( 2 ) w R IT F(E V,E 0 R M A , | 1 ) END . 
PROGRAM FOUR 
THRE  DIMENSIONAL FOURIER PROGRAM 
REGTN 
COMMFNT THRE  0 T M E N SI 0M A L FOURIER 
TMTFGER I. A ? 
T N T F G E R ED.CH.CK>n.ZZ.Q.Qq,TM,LQQ.LIQ.:J0Q.M.N.R»S.RH.RK.KX.RY.SPA,SP<3. 
INTEGER LZ»SZ.XX.Yv, I I ,
 C .NN TMTFGER QP>WUAn»MM,MMZ.MVI»MMX.MMY»MKX.HRY,qOZ.rtDO.MX.MY.M7 Al PH A ARAY NAM t 1 ? ] REAL A . S C F . P F 0 , M FO,PPA, PPR.PMA,PMR,TT.TN.TS.TR REAI Tl»T?iT3»T4 ' R F A t ARAY FACTO!101 REAL. ARAY H [0:1,0: 100 0 I , K [ 0 : 1 » 0 : 1000], Lr0M.0tioO0T.EU[O!1»0:lO0 0J. n [ o: ft 4> o j ft i, f r r o: 1 . o : 1 o 0 0 1 REAI ARAY T [ 0 ! 2 0 0 ] ; LIST I. l((l?"Tl)/ftO) LAPFL TF.RM«FEFni.FFEP?.FEEP3»FELP4»FEE05»FFE06»FEE07»FEE08»FEEP9. FEFnA.FFEDn.FFFPC.FFFDD.FFFDF.EEDF.EFPG.FEEDH.FFEPO.PEN.PAT.SWl. SW2.SW3.SW4,SWS.Wft | A RFL ATEM.TRMO ; SWITCH ST Aht«-DEN. P U » P AT. DFN » DEN ) CHUnSF*-SWl . S W 2 * S W 3 LOOPlt-FLEOO, FEFjM ,FFFD2 L 0 0 P 2 <- F F E 0 3 » F E F 01). F F E 0 4 1.0 0 P 3 <• F E F 0 S , E E F l  ft » F F E 0 E CH'iTCF«-S 4fl
 P SWb» Sd* LOitP4<-FEEDF.FEFl)7.FFFDrt L 0' I p 5 «• f F E 0 R » F E F l  G» F E E 0 A LOOPft-FFEDl,FEED C.FFFDH E 1 C ? . 1 0 ) F2 ft(?.151 
TCH SITCH I  STC  SWTCH SWTCH SWTCH SWTCH F T L F I m FTI F OUT SA\/F FTI E SA\lF FIL  FORMAT TN FORMAT FORMAT FORMAT FORMAT FORMAT FORMAT FORMAT FOPMA T FORMAT FORMAT FORMAT 
IN T N IN T N IN TN T N OUT OUT OUT OUT 
'< R Y S T L 2 ( 1 , 1 0 2 0 . ft . S A V E 3) w ATFC N 2( 1 * 25ft» SAVE 60) l- ORM 1 f 1 7 Aft ) SCALE (F10.6) I DFX C9T5) ; 0 A T A (3T9.E9.4.X9.I9.X25.I1) OAT A? (3T9.X1R.I9.F9.4.X16M1) 
"T3 (aI7.?F9.4)> M
 w F N (4T3.Tft) F 0 R M 1 2 C'^F9.ft) ("TIMF IN SFCONDS*".F10.3) ' ("ELECTRON DENSITY".X5.12A6,X5,"AXES DIVIDED INTO".13) (-'P AT TFKSON", XS., l2Aft,Y5."AXES DIVIDED INT0".I3) FORma FORM? FOR1* 3 FORMA ("X D0wN"»T3." TO1** 13." 
[?) FORMAT OUT FORMS ( " Y [nwN".T3»', T • " * I 3 » " 12) FORMAT OUT FnRMft ("X DOWN",13." TO".13." I?) FORMAT OUT F 0 R M 7 ("7 DOWN".J3*" rU",l3." [ 2) FORMAT OUT FORMB (" Y D0WN",T3." TO", 13." I?) FORMAT OUT FORM9 ("7 DOWN".T3*" TO"* I 3," 12) HUT FORM10 (lftF7,l.XS) I I M T T ( " M1  R F R OF REF|._ECTI0NS = ".I1M3»X10."MAX rjRSl SECOND TNPEX=".I2) 
("DIFFERENCE E0UR I ER".X5.12A6,X5."A XES DIVIDED 
ACROSS"*T3." 















I 3. " 
13." 
Z = " 
Z = ' 
X = " 
FORMAT FORMAT OUT I?.X5."MAX FORMAT OUT 
13) ; FORMAT OUT FORMAT OUT COMMENT Tl«-




(?5ftF«. 1 ) 
input ; 
T3.-T1 RF A D CFl.OWMi ,F0-7 J *• 1 STEP 1 U N T r L 1? 00 Mifin * E A 0 f F1 .SCALE'SCF) RF A 0 ( F1 , T <!0EX . E0, OH, C'<, CL, I 7, SZ . ZZ, XX, fY ) f RF A n ( F 1 , M \i r m , o <•) / , r-n n, m i x , m m y , M m z ) R F A n (F\,F0RM1 ?,F0R I <-1 STFP 1 UNTIL M M Y 00 F A C T I ] ) FACr0]«-1 .0 > M X 4- X X + 1 ; MYfSxXX/.'i FOR I*>0 STFP 1 UMTfL X  On RFGIN A«-(A,?H32/XX)xT T r T 1 «• S I M ( A ) FNO FOR I<-MX STFP 1 iJNML 1 y 00 HFGIN 
c«-t-xx ; t r t )<-tr c i eno 
0«-0 GO TO STARTTEIM 0 F n : UQ4-FNTIERCWM7/10-I) l)004-MM/-i)'Jxloon 
go to choosf[r.in ; 
SW 1 : GO TO l.TRPl f,< 1 
FEEOO: GO TO TERM FEFn i i FOR Q4-0 STEP 1 ONTTl UO DO R E G I N IF Q<ijQ THEN L0Q.-1000 ELSE LQ04-1JQU FOR QQ4-1 STEP 1 UNTIL L Q 0 00 HE GIN READ (KRYS'L*DT3*HrQ»Q')]*KrO*QQ]»L[Q»0 0],LA,FLHO,f)Q1*FC[y,10]) Fnro,ooi4-Furo,ooi/rAcn.Aj; F C r 0 p Q 0 14- F <; [ Q , 0 Q ] / r A C [ L A 1 > R H 4- A H S ( M T « » ^  0 1 ) IF PH>UH THEN UH4-RH ; w •< 4- a m s c •< r 'j , 3 o i) ; IF <v K > 1  < THEN U K 4- R < ; 
Fwn FMp j 
GO TO ACEN ; FFrn2: FOR Q4-0 STf.P 1 UMTL U'J 00 HFGIN IE '}<'JQ THEN LQQ<-10  0 ELSE LQ'^UQJ FOR 0Q4-1 SIFP 1 UNT ] |. I f)J 00 BEGIN 
RFAO ( K K y s 1 L * 0 T ^  • H r Q , 9 t i , L [ 0 , W J * < I U * Q 0 1 ,1. A,EUro,OQ],ECCQ,OQ]) f o r o, o o i«. f 11 r o, o a ] / r a c [ l a ], F c r 0 , 01 j ] 4- F c r« , o ro ] / f A c T L A 1 > 
H M«- \ R S ( H T 0 , •') Q 1 ) IF PH>UH THEN UH«-RH \ RK4-ars(x'['J,^0]) ; IF RK>UK THEN U K 4- R K ; FMO FNO » GO TO ACEN ; SW?l GO TO 1. Oil P 2 C C K 1 FEFH3 I FOR 04-n STKP 1 UNTIL UO 0 0 RFGIN IF d<i|Q THEN LOOM 000 ELSE LQ'5 4-UQJ 
 QQ4-1 S1EP 1 UNTIL L 0 3 On BEGIN R F A n C<RYSlL,OT^,KrQ,0 01,HrO»Ol-)l»L[Q,00]»LA,FO[ ,OQI,FC[Q,oq]) 0r 0 , 0 0 ] 4- F11   ,0 1 / EA C CI. A 11 Cro,OOl-FCrQ,Q0"!/EACtLA];  H 4- BS (1T " ' 0  1 ) IF PHXIH HFN UH4-RH ;< - A R S( K T Q p 0 1) ;T Rtf>iK E K ?NO E N0 J G  T ACem ;r E 0 0 : G'l TO TEME^na«  E I Id RFGIN IF Q M THEN L004-1 000 LSE Ld' Qj 
r n » o q«-1 s 1 F P 1 I N T [I. LO q on 0 E 
RF an ( K R Y S I ! > P T 3 , L C Q » Q 0 ] p H r o  'lrnro,ooi«-r i r Q , 0 0 l / F A C [ L A i; Fcro,Qoi<-F(;rQ » 0 0 1 / F A C t L. A l; 
RH*- A O S ( M r 0 , 0 0 1 ) I F R H > U H I H E N IJH
R * *- A H S ( K [ H > ) 0 1 ) I F R K > I J * T H E N U K 
FN'n F^ri ; 
G O Tn A T . E M 
S W 3 I C O 
TO L0flP3rc .< ] F E F P 5 t 
F n R o *- n S T F P 1 UNTrL 00 00 nFG I F P R QQ*-1 S 1 F P 1 U N T I L L Q « O P B E 
R F A n ( K K Y S 
11 > 0 T 3 » K r A » 0 0 J » L r o»0 
F 0 r n, Q 3 ]«- F F r o ,0 'J 1 / F A C [ L A ] ; FC r 0 » 00 1 «-F C [ Q , 00 1 / F A C [ 1. A ] \ 
RH*- A R-S f H T J , 0 0 1 ) 1 F RH>iJH T H E M I.I H 
^ <«- A R s c •< r A » 0 0 1 ) 
I F
 R? •<> ') i< T H E N U K 
E N 0 E M i") ? 
G O T n A c. i; M J F F F P 6 t 
E P R Q*-0 S T L p 1 O M T T L -n 0 0 a F G ! 
F O R QQf-1 S 1 F P 1 U N T I L L O y op BE 
R F A n ( K R Y S 
II * 
I") T ^ »i r o . ,rj ] . K ro > fclO F n r 0 , Q 0 1 <- F i r Q,  0  / F A C r L A l; F C r 0 , Q  ] «• F c r u ,o,j / AC[l,A j; 
R H *• A. H S ( 111 '•) ,0 0 1 ) I F ^ H > U H T H F RI U H 
R < *• A H S ( < r il» Q 0 1 ) I F R K > U « T H K M O K 
. A » EOf 0 » 00 1 ,ECi«,00 ] ) 
IF 0 < U 0 THEN |.00«-1000 E L S F L004-UQJ 
IE 0 < 110 THEN L 0 Q *-1 0 o 0 ELSF L 0 0 *- 0 Q «i 
F N P 
GO T P Ac E M ; F (• EOF: G0 TO TFRM PAT t GO T'l CHOTCFTCH] 
S W A J GO TO 1. OOP'tT CK 1 F F F" n F : G O TO 1FRM E E E n 7 : RE An ( F 1 , P u T A ? , H r 0 , 0 0 1 , K [ » 0 0 ] f L r q » 0q 1 , L A , F n[ Q, 0 0 ] , T M ) Foro, 0 0 1«- F M T 0 , 0 0 ] / F A C [ L A J : R H «• A H s (>• r 0 » 0 0 1) IE H^>un THEN UH*-RH : R < *- A H S C K [ y . 1 0 1 ) > T F RK> THEN OK<-RK J> IF T»i=l THbN GO T 0 TERM 
0 0 <- 0 Q H [ F" o q = 1 o o o THEN R E G T N 0*-Mf 1 0 0 <- 0 F NO tiO T 0 F F F 0 / FFFOfl : RF A n (F1, o A T A , H f o, o o i, i_ [- y
 f o o ] » K r 0 , o o j, F n r o,o Q ]» L A , T O Oro,Q01«-EnrQ,ooi/FAC[|.AW R M <- A RS C H [ q, 0 q1 ) TF t?H>IJH THEN IJH*-RH ; RK*-AHS(K[3»QQl) ; T F «K>U'< THEN UK*• R< ', IF TM=1 THEN GO TO TERM 0 0 <- q Q + 1 IE 0 Q = 1 0 0 0 T H t" \| BEGIN 
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Q«- 0 + 1 'y yQ«-0 END * (in TO FEFOn * S«5: GO TO L'10P5rc<3 ' EEfn9: REAP ( Fl , DATA?, K I Q. O  1 . HE Q. (JO I , L[ Q'J ] ,LA, FO[ Q, 03 J , TM ) ; FnrO,00]<-FH[Q,Q01/FACCLA]; RHt-ABSCHr'i.QOI ) ' IE PH>UH THEN UH«-RH ; R<<-ABS(KrQ>QO] ) > TF RKxJK THEN UK«-RK ; IF TM = l THEN GO T D TERM '> QQt-Q+ l i IF 00=1000 THEN BEG IN Q«- 0 + 1 ; QQ«-0 END i 
Gil T  FFFOt) f-EEOGt GO TO TERM > FFFDAl READ (Fl,0^TA2»LTQ»QQ1,Hi 0,QQ ] »K[Q.QQ],LA,FO[Q,00] ,TM ) ; FOrQ,QOT«-FOrQ,QO]/FAC[LA]; KH«-ftRS(Hr«»OOl) ; IF RH>UH THEM UH«-RH ,* RK«-ftHS(<TW,00]) ; IF RK>UK THEN UK«-R< I IF TM=1 THEN GO TO TERM '> OQ«-00+l ; IF 00=1000 THEN BEGIN Q «• 0 + 1 > 0Q«-0 END ; GO TO FEED A J S W ft t GO T n L00P6IC<1 '» FEFnB: READ ( Fl , DA TA2, K[ 0, QO ] , | [ Q, 00 ] , HT d.Q&J l , LA, F0[ 0, 00 ] , TM) ; F0rO,0O]«-FO[Q,00]/FACrLA]; R H«- H R S ( H [ 0 , 0 0 1 ) i TF R H > U H THEN UH«-RH ; RK«-ARS(K[^,001) ; IF RK>1)'< THEN UK«-RK ; IF TM=1 THEN GU TO TERM ; 0 0«- 0 0 + 1 i IF OQ = 1000 THEN BEG T N Q<-0+1 J tJQ«-0 END y GO TO EFEDO > FEEDCI READ (El,DATA?,L[0,0 0],K[Q.OO],H[a.QOI,La,FO[Q,00],TM) i Fnro,0OT.-FOIQ,Q0]/FAC[LAl, RH«-ARSCH[Q,01) J TF R H> UH I HE N UH«-RH > 
R<«-Ansc<[,3'OOT) ; TF RK>UK THEN UK«-RK i TF TM=1 THEN GO TO TERM > QQ«-QQ+1 > IF OQ=100 THEN BEGIN Q«-Q+l ) 0 Q *• 0 END ; GO TO FEDC > Kfedh: go TO Term ; ACEN t lock ckkystljRflease) ; 
GO TO TRMO i 
T E R I HQ«-QJl)QQ«-Q'J"lJ T F L!OQ<0 THEM TF CED=?) «M0 (XX=32) THEM R E G T M FOR Sfl STtP 1 UMTL ( M M X - 1 ) SPACE CPATrCN,ft«) wrte (patrcn»fdrm«3,mmx) end; trmo ; 
BEGIN UQQ«-999;ilQ<-UO-1 EMD ) 
(Fl.*rLFASE)« 
cn TD TRMO t CLOSE R E 0, T N PEAL ARAY PA,PR,MA,MRr0 : UH,0:UK 1 LAPFL TRM?»TRM3,TRM4 PEAL PFC.MrC TNTEGER C P'W C P R * C M A * C M B ; SWTCH C Al CtTRw?» TRM3 ', TF FD=1 OR FD = /| THEN WRITE M A [ T ] , X X ) ; E0 = ? UR FD = 3 THFN WRITE N A T T I » V o ; FD = S THLM WRITE ( F2 T DBL 1 , F" 0 R1  1 * F 1R 
on TF on TF 
xx) ; WRTE <" F2 [ DHL ] • L I *H T> U'J, JQQ, UH, UO WRITE (FPTPAGF1) CDmmFNT SECTION 3 ONE DIMENSION SUMMATION > MMY<-XX/? ; F OR 7«-L7 STEP SZ UNTIL ZZ DO UFGTN FMR 0«-0 STEP 1 JNTTL U« l)U BEGIN IF U < IJ Q THEN |_ 0 <-1 0 0 0 ELSE LQQ<-U^O FOR 00*1 SIEP 1 UNTIL LQM 00 REGTN TF 7 = l_7 AM) LTO.QKO THEN RFGIN LfO,0'Jl<-LrO,03] 
ktu>0'->i<-ktq,ooi 
MX.-LI0.Q0TX7 
MZ*ENT TFK{MX/X ) 
m«-mx-( MZ*XX ) N*-M+ ( XX/4) COMMENT SYMMETRY SEC HON » TE LC0#W9] = O THEN 0<-«DZ ELSE FOP QUA0.-1 STFP 1 UNTIL 0 D 0 0 TF QUAD=? THEN BEGIN 
(F 2 [ DBL I»FOPM?,FOR I <-1 STEP 1 UNTIL 12 (F2rUBL]»EORM3,E0R I«-1 STEP 1 UNTIL 12 
I <• 1 STEP 1 UNTIL 12 0 0 M A [ I ] * 
END 
OJ)«-qurj BEGIN 
HT (J. 00 1 <-H [ 0, Q  1 
 F Y r 0 » 0Q I =  THEN GO TO TRM i\ > IF H r •) , <"J 9 T = 0 THEN GO TO M M /| ; IF O0 = 3 'HEN K T fJf QO ] <-< [0, 00 J ; TF QUA 0 = 4 THEN BEGIN TF Hro,Ote)]=0 (]R Kro,OiOT = 0 THFN GO TO rtH«-At*S(HrW»UO] ) R K <- A B S r k r 0 , 0 0 ] ) GO TO CALCIYY1 J T R M 2 t COMMENT C F N T R I C MATRIX SECTION : TF H[Q,Q Q 1 < 0 AND K r Q , Q 0 ] > 0 THEN ELSE IF Hr^QQ]>0 AND K[Q,00]<0 FISF IF H r > Q Q 1 < 0 A N n K [ a * 3 0 1< 0 ELSE IF Hr'J.QQl*0 AND K[Q*OQl<0 FLSF IF HI"iJ,QQl<0 AND K [ 3 , 0 0 1 = 0 EL S F b)FG IN SPfi*--i; $MA<-1> SMB<-
F iv) D 
H [ 0 , 0 0 ] <- • T R M 'i J h[ >• w o t ; 
F N 0 
BEGIN SPB<-i; SMA*lJSM«-n then regin spb<-1> sma+-1/ smb<-1 then rfgtn spb«-i;sma<-i» smb<-i then peg i n sph<- 1f sm a«• 1 ) smb + 1 then r e g r n s p b <- - n s m a «- i ; s m b <- i 
1 FN D 







MPF RH.RK].-MBFRH,RK]+SMRXMFO ; 
G O m T R M 4 
T R M 3 t 
RFLMMFNT ACF.MTRTC M A T R I X S E C T I O N ; 
T R M (I i E N D f IF 0 D = ? THEN HrO,QQ1«--H[Q.QQL ' 
IF 0 0 = 4 T H E N K [ 0 » Q O ] * - " K [ Q » Q 0 1 > 
END E MD J 
C O M M E N T S E C T I O N 4 R E M A I N I N G D I M E N S I O N S S U M M A T I O N ; 
FOR X«-0 S T E P 1 U N T I L M M Y OO B E G I N 
RX«-XX-X ; 
FOR RH«-F) S T E P 1 U N T I L IJH DO B E G I N 
M X <- R H X X 
M Z 4 - E N T I E R C M X / X X ) 
M«-MX-( M ? X * X ) I 
N « - M + ( X X M ) ; 
T N «• T [ M 1
TT«-T[MT 
FOP MMY DO B E G I N Y«-0 STFCP 1 U N T I L 
RY«-XX-Y i 
IF R H = 0 THPM B E G I N 
D[ X. YT«- 0.0 
DTRX.YL*- 0,0 
D T X • R Y 1 «- 0,0 
D[ RX, RY ]«- 0.0 
E N D J 
TOR RK«-0 S T E P 1 U N T I L UK DO B E G I N 
M X «- R K X Y 
M/«-ENTIERRMX/)(X) 
M«-MX-(MZXXX) 
N<- M + { X X / 4 ) 
TS«-TT M 1 
TR«-T[N1 
P P A « - P A T R H » R K 1 X T N X T R 
P P B < - P B [ R H * R K ] X T L X T S 
PMA«-MA[ R M . R K I X T T X T R 
PMB«-MR[ R H , R K I X T N X T S 
D R X * Y U D [ X , Y ] + P P A H P P B + PMA + PMR 
TF R X * M M Y FHEN 
D[RX»Y1..DTRX>Y]+PPA-PPB-PMA+PMB 
TF R Y * M M Y T HEN 
DTX,RYT<-DrX»RY]+PPA-PPP+PMA-PMR 
TF RXFTMMY AND RY/MMY T -I E N 
DRRX*^Y]4-0[RX,RY]+PPA + P P B - P M A - P M R 
TF X = MMY AMD Y = MM Y THEN B E G I N 
PATPH,RKT«-0.N 
PB[RH*RKl4-0.0 
M A [ R H , R K ] «- 0 . 0 
M8TRH.RKL«-0.0 
E N D ; 
F N D ; IE R H = U H T H E N B E G I N 
TF 0 T X • Y 1 < 0 T H E N D f X » Y 1 «• 1 " * IS; IE D [ R X , Y ] < 0 T H E N UTKX,Y]«-10*<SI 
IF D T X * R Y ] < 0 THEN D [ X* R Y J «• 1 0* 6*" IF 0 [ R X « R Y ] < 0 THE N D [ R < » R Y ]«-1 0 * 6 J 
END END \ 
EMD END } 
C O M M E N T S E C T I O N «J O U T P U T J 
MM7«-XX-16 i FOR V4-0 S T F P 16 U N T I L MMZ OFL 
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W«-0 STEP 16 UNTIL M M Z DG BEGIN 
THFN WRITE (F2[DBL1»F0RM9,FDR I«-l 
THEN WRITE ( F? [ Drl ] > FORM 3. FOR I*-1 STEP 1 UNTIL 12 STEP 1 UNTIL 1? 
(F2rpBL]»FQRMl,FQR \«-1 STEP 1 UNTIL 12 D  NACI1* 
I- HR 
\t V «- V + 1 5 WW4-  + 1 5 IF F.O = 1 OR ED = ft DO NA[T ] * X  5 ; IF FD=? OR ED=3 DO MA[TI .X < 5 J TF ED=S THEN WRITE X  5 } IF CL=3 THEN BEGIN TF fH=1 TMLN WRITE ( F 2 T DBL I , FOR M h , \l , V V , W , W  , Z ) FLSE WRITF CE? I DBL1*FGRM5,V»VV,W,WW,Z) END TF CK=3 THEN BEGIN TF CH=1 THEN WRITE ( F2 [ DBL 1 , E0RM 6 » V , V V . W . W W, Z ) FLSE WRTF CFPTDBL INFORM?* V»VV.W,WW,7'> FND IF CH=3 THFN BEGIN ]\ C K = 1 THEN WRITE f F 2 * F 0 R M 8 . \/, \l V » W > W W , Z ) ELSE WRITE (F2[DBL1,FQRM9,V,VV,W,WW,Z) FND FOR X*V STEP 1 UNTIL M DO WRITE (F2[ L>8L J,FORM 10,Fn8 Y«-W STEP 1 UNTIL W  On D[X,Y]> IE (ED=?) AMD (XX=3?) THEN WRTE (PATf- CNjFHRMI 4.FOR X«-V STEP I UNTIL W DO for y*w step 1 until w  do d[x,yn write ce2ipagf] ) end t4«-tmf(2)* if ( t4-t 3) > 36000 then begin t3 + t4; break end ; end ; T2 «-TIML(2) WRI TF(F2,FORMA,L.1 ) L M D ; END. 
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